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Preface 


The  purpose  of  this  study  was  to  establish  the  technical  feasibility  of  a  space 
fabrication  platform  that  produces  functional  trusses  from  aluminum  materials  sal¬ 
vaged  from  a  space  shuttle  external  tank  in  orbit.  The  utilization  of  electrodynamic 
propulsion  for  orbital  maneuvering  was  also  a  key  feature  of  the  design. 
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Abstract 

Current  plans  for  constructing  large  structures  in  space  entail  fabricating  the 
primary  components,  such  as  truss  segments,  on  the  ground  and  assembling  them  in 
space.  This  process  requires  an  exorbitant  number  of  support  missions,  and  methods 
to  minimize  the  number  must  be  considered. 

Whenever  the  space  shuttle  is  launched,  its  external  tank  is  jettisoned  and 
destroyed  prior  to  reaching  orbit.  This  aerospace  grade  aluminum  structure  can  be 
carried  into  orbit  and  utilized  extensively.  The  Prototype  Space  Fabrication  Platform 
(SFP)  fabricates  aluminum  materials,  reduced  from  external  tanks,  into  functional 
trusses.  The  trusses  are  strong  and  can  be  used  as  the  primary  components  for  future 
structures  in  space.  The  fabrication  process  produces  a  continuous  truss  allowing 
the  end  user  to  determine  the  length.  The  SFP  can  fabricate  the  same  amount  of 
truss  from  one  external  tank  as  four  dedicated  shuttle  missions  can  deliver  in  the 
cargo  bay. 

The  SFP  utilizes  electrodynamic  propulsion,  via  shielded  coils,  for  maneuver¬ 
ing.  The  novel  propulsion  system  facilitates  a  versatile  payload  transportation  and 
delivery  capability.  The  SFP  can  continuously  track  a  target  from  all  directions. 
The  tracking  system  is  ideal  for  docking  since  plume  impingement  is  not  a  concern. 
With  the  assistance  of  remote  manipulators,  the  SFP  can  deliver  a  payload  in  a  wide 
variety  of  orientations. 

Under  most  conditions,  the  remote  manipulator  and  maneuvering  commands 
originate  from  ground  workstations.  Required  m2inned  presence  is  greatly  reduced, 
and  the  time  when  the  space  shuttle  is  off  station  is  effectively  utilized. 

These  and  other  capabilities  of  the  SFP  can  be  used  to  significantly  enhance  the 
construction  of  future  structures.  The  logistical  complications,  currently  inhibiting 
advancement  in  space,  can  be  eliminated. 
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Prototype  Space  Fabrication  Platform 


I.  Introduction 

1.1  Design  Study 

A  group  design  study  was  conducted  at  the  Air  Force  Institute  of  Technol¬ 
ogy.  The  design  group  consisted  of  five  Air  Force  officers  enrolled  in  the  Systems 
Engineering  graduate  degree  program.  The  study  was  motivated  by  the  problem 
developed  in  the  next  two  sections. 

l.S  Problem  Description 

Despite  current  apprehension  over  expanding  America’s  space  program,  there 
is  a  significant  demand  for  large  structures  in  space.  Effective  methods  to  meet  this 
demand  must  be  considered.  One  possible  avenue  is  to  utilize  the  expended  external 
tank  of  the  space  shuttle  in  low  Earth  orbit.  If  each  shuttle  mission  carried  the 
external  tank  into  orbit,  modified  tanks  could  provide  materials  for  the  construction 
of  numerous  large  space  structures.  Dedicated  fabrication  platforms  could  reduce 
the  external  tanks  and  re-fabricate  the  materials  into  components  required  for  the 
construction.  The  utility  of  these  fabrication  platforms  would  be  increased  if  they 
possessed  transportation  and  delivery  capabilities.  Electrodynamic  propulsion  and 
attitude  control  could  provide  the  precise  maneuvering  and  control  necessary  to 
accommodate  these  features. 

After  researching  the  problem,  the  design  group  summarized  the  task  into  one 
problem  statement: 

Utilize  the  external  tanks  from  space  shuttle  missions  and  the  concepts  of 
electrodynamic  propulsion  to  support  the  construction  of  large  structures 
in  space. 
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The  group  concluded  that  a  space  platform  capable  of  fabricating  trusses  from 
external  tanks  with  a  delivery  system  driven  by  electrodynaimic  propulsion  would 
illustrate  effective  means  for  the  fabrication  of  large  structures  in  space.  An  in-depth 
feasibility  study  for  the  development  of  a  prototype  space  fabrication  platform  (SFP) 
is  detailed  in  the  report  that  follows. 

1.3  Objectives 

A  list  of  objectives  was  developed  to  assist  in  directing  the  study.  The  objec¬ 
tives  are  to  design  a  prototype  space  platform  that: 

•  fabricates  trusses  for  use  in  the  construction  of  large  struc.  js  in  space 

•  utilizes  external  tank  raw  materials  in  the  truss  fabrication  process 

•  utilizes  electrodynamic  propulsion  for  platform  maneuvering 

•  possesses  transportation  capability 

•  possesses  delivery  capability 

1.4  Scope 

The  development  of  a  prototype  space  fabrication  platform  first  requires  a  solid 
technical  foundation.  The  intent  of  this  study  is  to  establish  the  technical  feasibility 
of  an  SFP.  Whenever  multiple  solutions  to  a  particular  problem  in  designing  the  SFP 
existed,  the  best  solution  was  chosen  ba^ed  on  technical  merit.  Immediate  product 
availability  and  monetary  costs  did  not  influence  the  study.  This  completed  technical 
feasibility  study  will  serve  as  a  basis  for  comparing  the  potential  benefits  of  an  SFP 
against  product  availability,  cost,  and  the  many  other  ramifications  associated  with 
its  implementation. 
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1.5  Report  Outline 

In  Chapter  2,  the  motivation  for  the  SFP  study  is  provided.  The  need  for  con¬ 
structing  large  space  structures  is  presented  cis  well  as  the  concepts  of  utilizing  space 
shuttle  external  tanks  and  electrodynamic  propulsion.  The  design  study’s  solution 
to  supporting  the  construction  of  large  space  structures  with  a  truss  producing  space 
fabrication  platform  is  developed.  Potential  growth  applications  of  the  platform  are 
presented. 

In  Chapter  3,  an  overview  of  the  study  is  delivered.  Systems  engineering  tech¬ 
niques  are  used  to  define  the  requirements  of  the  SFP  and  the  decision  making  pro¬ 
cesses.  Summaries  of  the  SFP  design,  capabilities,  and  assembly  plan  are  introduced 
to  provide  a  foundation  for  the  remainder  of  the  report. 

In  Chapter  4,  the  work  of  a  previous  design  study  that  is  integral  to  the  SFP 
study  is  briefly  described.  The  previous  study  developed  components  and  procedures 
for  salvaging  material  from  the  expended  external  tank  of  the  space  shuttle.  Critical 
components  and  procedures  of  the  design  study  are  reviewed.  External  tank  material 
salvage  and  pre-processing  operations  required  for  SFP  truss  production  are  also 
described. 

In  Chapter  5,  the  SFP  truss  making  process  is  detailed.  Raw  material  sal¬ 
vaged  during  external  tank  reduction  is  combined  to  produce  square  trusses.  All  the 
processes  necessary  for  truss  production  are  discussed. 

In  Chapter  6,  the  basic  theories  of  electrodynamic  propulsion  are  developed. 
The  concept  of  shielded  coil  electrodynamic  propulsion  is  detailed,  and  an  optimal 
linear  control  system,  that  utilizes  electrodynamic  propulsion  for  controlling  the  SFP, 
is  discussed.  The  controllability  requirement  for  the  SFP,  which  sizes  the  SFP  and 
dictates  the  specifications  for  the  control  elements,  is  explained. 

In  Chapter  7,  the  calculations  for  the  power  requirements  of  the  SFP  are  de¬ 
scribed.  The  equations  presented  allow  for  an  iterative  design  process.  Based  on 


1-3 


given  available  power,  operational  power  scenarios  are  developed  which  outline  the 
major  capabilities  of  the  SFP. 

In  Chapter  8,  a  conceptual  analysis  of  the  remote  manipulator  systems  planned 
for  SFP  assembly  and  mission  ready  operations  is  delivered.  The  remote  manipula¬ 
tors  are  categorized  into  two  systems:  the  servicing  system  and  the  docking  system. 
Both  are  heavily  influenced  by  the  remote  manipulators  proposed  for  Space  Station 
Freedom  and  the  proven  remote  manipulator  system  of  the  space  shuttle.  The  dock¬ 
ing  system  also  utilizes  the  attributes  of  the  electrodynamic  propulsion  system  to 
provide  a  unique  and  impressive  docking  capability. 

In  Chapter  9,  a  conceptual  sequence  that  illustrates  the  assembly  of  the  SFP  is 
delivered.  The  tradeoffs  on  how  the  SFP  is  built  are  discussed  and  an  eight  mission 
overview  of  the  actual  assembly  is  provided. 

In  Chapter  10,  operational  missions  and  SFP  capabilities  are  discussed.  The 
events  in  which  an  external  tank  is  recovered,  reduced,  converted  to  the  truss  prod¬ 
uct,  and  then  transported  and  delivered  are  covered  in  detail.  The  SFP’s  capabilities 
and  its  advantages  over  conventional  systems  are  also  discussed. 

In  Chapter  11,  the  critical  design  issues  for  the  SFP  are  presented.  The  chapter 
supports  the  decisions  made  during  the  design  process  by  expounding  on  issues  that 
arose  during  the  design  study.  Sections  of  the  chapter  are  referenced  throughout  the 
report  to  provide  increased  detail  on  a  subject  without  interrupting  continuity  in  the 
body  of  the  report. 

In  Chapter  12  the  report  is  concluded.  Recommendations  for  further  research 
in  the  area  are  provided. 
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11.  Motivation 


2. 1  Introduction 

Before  designing  a  fabrication  platform,  the  guiding  concepts  must  be  thor¬ 
oughly  understood.  This  chapter  identifies  the  need  for  large  space  structures.  It 
provides  a  short  introduction  to  the  concepts  of  utilizing  an  external  tank  in  space 
and  propelling  a  vehicle  with  electrodynamic  propulsion.  The  general  idea  of  a  space 
fabrication  platform  is  presented,  and  future  growth  applications  are  addressed. 

2.2  Large  Space  Structures 

In  the  1960’s,  the  need  for  research  in  space  promoted  the  production  of  a 
space  station.  Today,  many  needs,  including  research,  are  calling  for  not  just  a 
space  station,  but  numerous  large  structures  in  space  capable  of  fulfilling  a  variety 
of  roles.  Five  of  these  needs  will  be  identified,  and  ways  to  accommodate  them  will 
be  discussed. 

2.2.1  Alternative  Energy.  Large  space  structures  are  needed  to  conserve 
and  augment  the  world’s  limited  fossil  fuel  supplies.  The  amount  of  solar  energy  that 
reaches  the  earth  is  20,000  times  the  total  energy  currently  used  by  man  (29:4).  It 
could  be  harnessed  in  many  ways.  The  most  popular  is  via  sol^u•  collectors.  A  large 
array  of  collectors  at  geostationary  orbit  would  be  in  direct  view  of  the  Sun  99%  of 
the  year  and  could  provide  the  Earth  with  abundant  quantities  of  energy  (11:1239). 
A  solar  collector  array  for  this  use  is  large.  A  Boeing  design  has  a  surface  area  of 
112  km^  and  requires  approximately  1300  km  of  truss  (13:103). 

Other  solar  energy  capturing  methods  have  also  been  considered.  Large  reflec¬ 
tors  in  space  could  direct  light  or  heat  during  night  or  cold  conditions.  In  February 
of  1993,  a  Russian  satellite  reflected  a  4  Arm  wide  light  beam  from  space  onto  Europe 
for  six  minutes  (86:20).  The  potential  agricultural  and  industrial  benefits  from  this 
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technology  are  enormous,  as  well  as  the  assistance  it  could  provide  during  disaster 
relief  operations. 

2.2.2  Telecommunications.  Large  space  structures  are  needed  for  im¬ 
proved  telecommunications.  Because  of  satellites,  the  ability  to  access  data,  com¬ 
puters,  and  other  people  anywhere  in  the  world  is  becoming  commonplace.  Unfor¬ 
tunately,  the  demand  for  more  communication  satellites  is  leading  to  crowding  of 
the  geostationary  orbit  and  the  frequency  spectrum  (29:2).  Many  communication 
satellites  could  be  replaced  with  just  a  few  large  geostationary  platforms  integrating 
all  their  individual  functions  with  shared  antennas. 

2.2.3  Material  Processing.  Large  spaee  structures  are  needed  for  improved 
material  processing.  The  consequences  of  processing  without  gravity  and  in  a  vacuum 
are  far  reaching.  Materials  that  are  difficult  or  impossible  to  produce  on  earth, 
because  of  the  measures  taken  to  control  the  environment,  could  easily  be  produced 
in  space.  For  example,  liquid  and  molten  material  could  be  processed  without  the 
use  of  a  solid  container.  This  would  eliminate  (29:4): 

•  problems  with  contamination  and  spontaneous  physical  processes  caused  by 

contacting  the  container  walls 

•  problems  attributed  to  processing  highly  corrosive  materials 

•  restrictions  in  processing  temperatures 

Large  material  processing  platforms  could  ease  current  demands  for  materials  needed 
today,  and  accommodate  future  demands  for  materials  yet  to  be  created. 

2.2.4  Spaceborne  Service.  Large  space  structures  are  needed  to  assist 
other  space  vehicles.  A  site  in  space  for  refueling,  assembling,  or  repairing  would 
have  many  advantages,  for  example,  launches  originating  from  Earth  —  which  devote 
much  of  their  payload  to  fuel  for  achieving  orbit  —  could  be  minimized.  It  is  highly 
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likely  a  manned  Mars  probe  will  be  assembled  and  fueled  on  board  a  structure  in 
space  before  departing  for  Mars  (9:317).  Also,  inoperative  satellites  or  satellites  des¬ 
tined  for  deep  space  could  be  repaired  or  “last  chance”  checked  for  problems  (29:7). 

2.2.5  Spacebome  Construction.  Finally,  building  on  all  the  previous 
needs,  large  space  structures  are  needed  to  construct  other  large  space  structures. 
Just  like  large  construction  projects  require  support  facilities  in  remote  locations  on 
earth,  similar  facilities  will  be  required  in  space.  These  facilities  will  provide  (29:7): 

•  stable  construction  platforms 

•  habitation  modules 

•  storage  facilities 

•  machine  shops 

•  communication  centers 

The  needs  just  identified  do  not  exhaust  the  list.  They  represent  a  cross- 
section  of  the  many  needs  being  generated  by  advancements  in  technology.  This 
design  study  is  motivated  by  these  needs.  A  large  space  platform  that  directly  or 
indirectly  accommodates  them  is  developed. 

2.3  Space  Fabrication  Platform 

The  numerous  large  space  structures  proposed  in  the  previous  section  require 
multiple  launches  for  multi-staged  assembly.  At  one  time  NASA  was  planning  for 
approximately  20  space  shuttle  missions  to  build  Space  Station  Freedom  (78:1).  To 
enhance  the  feasibility  of  producing  structures  in  space,  the  launch  support  require¬ 
ment  must  be  minimized.  This  design  study  will  develop  a  platform  which  fabricates 
trusses  from  space  shuttle  external  tanks  to  support  the  construction  of  large  space 
structures. 
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Figure  2.1  The  space  shuttle  before  launch  with  the  external  tank  (ET)  and  solid 
rocket  boosters  attached  (28). 

2.3.1  Space  Shuttle  External  Tanks.  “The  external  tank  is  currently 
the  only  non-reusable  portion  of  the  Space  Transportation  System”  (80:l)(see  Fig¬ 
ure  2.1).  It  is  intentionally  jettisoned  into  either  the  Indian  or  Pacific  Ocean  just 
prior  to  the  space  shuttle  achieving  orbit.  The  jettison  occurs  because  the  external 
tank  is  not  currently  used  in  space  and  is  considered  unwanted  debris.  When  it  is 
jettisoned,  the  orbiter  and  external  tank  both  have  98%  of  the  energy  required  to 
enter  orbit.  In  fact,  an  ^llternate  launch  trajectory,  called  a  direct  injection,  allows 
this  to  occur  with  no  additional  fuel  costs  (28:l-14)(see  Figure  2.2). 

There  are  many  ways  the  external  tank  could  be  utilized  in  space.  For  example, 
its  role  as  a  container  for  730,000  kg  of  propellants  could  easily  be  continued  with 
minor  modifications.  After  a  direct  injection,  the  external  tank  still  has  7,000  kg 
of  residual  fuels  remaining  (28:1).  This  alone  would  provide  significant  support  to 
other  spacecraft  already  established  in  space. 
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Akemate  Trajsctory 


Launch 

Figure  2.2  Space  shuttle  launch  trajectories.  The  space  shuttle  keeping  an  external 
tank  into  orbit  instead  of  jettisoning  it  into  the  Ocean  (28). 

The  usefulness  of  the  external  tank  is  not  limited  to  fuel  storage.  It  could  be 
adapted  to  store  other  liquids,  gases,  equipment,  or  even  people.  Also,  it  is  made 
from  24,000  kg  of  aerospace  grade  aluminum.  Intact,  it  is  far  more  rigid  than  any 
structure  currently  in  space  and  could  serve  as  a  backbone  for  the  construction  of 
other  space  structures.  Dismantled,  it  could  provide  large  quantities  of  construction 
materials.  For  example,  trusses  —  which  are  primary  components  to  most  space 
structures  —  could  be  produced  from  these  materials. 

In  1990,  a  systems  engineering  group  at  the  Air  Force  Institute  of  Technology 
designed  a  system  for  transforming  the  external  tank  into  raw  material  while  in  low 
Earth  orbit.  The  study  demonstrated  how  assorted  lengths  of  aluminum  I-beam  and 
flat  plate  could  be  salvaged.  It  was  called  An  Aluminum  Salvage  Station  for  the 
External  Tank  (ASSET)  (31). 

The  SFP  design  study  uses  aluminum  raw  material  —  recovered  from  exter¬ 
nal  tanks  by  ASSET  salvage  procedures  --  for  the  production  of  trusses.  Because 
the  ASSET  concepts  are  critical  to  this  study,  they  are  reviewed  and  modified  for 


Figure  2.3  The  defection  force  experienced  by  a  conductor  with  a  current  flowing 
through  it  in  a  magnetic  field. 

specific  applications  in  Chapter  IV  and  Appendix  A.  The  platform  will  also  have 
the  capability  to  transport  and  deliver  the  completed  trusses  to  other  sites  where 
they  can  be  utilized.  The  maneuvering  capability  of  the  SFP  will  be  achieved  with 
electrodynamic  propulsion. 

2.3.2  Electrodynamic  Propulsion.  When  a  current  flows  through  a  conduc¬ 
tor  in  a  magnetic  field,  B,  it  experiences  a  transverse  deflection  force  (see  Figure  2.3). 
The  magnitude  and  direction  of  the  force,  Fb,  is  given  by  (32:539); 


Fb  =iL  X  B 


(2.1) 


i  =  current 

L  =  length  and  direction  of  the  conductor 
B  =  magnitude  and  direction  of  the  magnetic  field 
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Figure  2.4  A  rigid  conductor  electrodynamically  propelled  space  vehicle  configured 
for  maximum  control  in  the  magnetic  field. 


In  1965,  Drell,  Foley,  and  Ruderman  proposed  running  a  current  through  a  long 
conductor  in  the  Earth’s  magnetic  field  to  produce  thrust  for  a  vehicle  in  space  (22). 
In  1992,  a  thesis  at  the  Air  Force  Institute  of  Technology  developed  a  space  vehicle 
using  this  propulsion  technique.  It  was  called  A  Precision  Orbital  Tracking  Vehicle 
(POTV)  (49).  The  vehicle  was  composed  of  rigid  orthogonal  conductors  sized  and 
situated  to  provide  multi-axis  thrust  and  attitude  control  in  the  Earth’s  magnetic 
field,  (see  Figure  2.4). 

Electrodynamic  propulsion  is  ideal  for  situations  requiring  low  or  moderate 
levels  of  thrust  over  long  periods  of  time  (81:2).  Orbit  transfer,  station  keeping, 
stand-off,  and  attitude  control  —  the  maneuvering  requirements  of  the  SFP  —  are 
prime  applications.  If  the  power  source  for  the  propulsion  system  is  solar  generated, 
fuel  requirements  are  minimal,  and  if  the  current  in  the  conductors  is  variable,  thrust 
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Figure  2.5  A  single  coil  partially  shielded  by  a  magnetic  shield.  The  return  portion 
of  the  coil  does  not  experience  an  external  force. 

can  be  variable.  For  these  reasons,  electrodynamic  propulsion  was  adapted  to  propel 
the  SFP. 

As  the  concept  of  electrodynamic  propulsion  has  developed,  the  task  of  driv¬ 
ing  current  through  a  conductor  in  space  has  become  an  area  of  emphasis.  Research 
on  an  approach  that  has  provided  encouraging  interim  results  utilizes  a  partially 
shielded  conductor  coil  (48).  The  coil  closes  the  circuit.  This  minimizes  the  resis¬ 
tance  involved  in  driving  the  current.  Also,  the  shield  removes  the  return  portion  of 
the  coil  from  the  magnetic  field.  This  inhibits  the  shielded  portion  of  the  conduc¬ 
tor  from  experiencing  an  opposite  direction  force.  Figure  2.5  illustrates  a  partially 
shielded  single  coil.  These  desirable  characteristics  ultimately  work  to  reduce  the  size 
requirements  of  space  vehicles  utilizing  electrodynamic  propulsion.  For  this  reason, 
this  technology  is  incorporated  into  the  SFP.  Shielded  coil  electrodynamic  propulsion 
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is  thoroughly  developed  in  Chapter  VI  and  implied  when  addressing  electrodyneunic 
propulsion  for  the  remainder  of  this  report. 

2.4  Growth  Potential 

The  study  concentrates  on  developing  an  SFP  that  fabricates  and  delivers 
trusses  only.  However,  with  these  capabilities  satisfied,  expanded  roles  could  be 
considered.  For  example,  once  the  SFP  is  complete,  the  external  tank  it  receives 
could  be  delivered  intact  to  a  site  that  needs  it.  It  could  also  be  modified  while  on 
the  SFP  for  a  particular  capability.  Converting  it  to  a  habitation  module,  storage 
facility,  or  contained  work  area  would  be  feasible. 

The  modified  tank  could  still  be  delivered  to  a  site,  or  —  if  the  SFP  was 
designed  for  it  —  could  remain  attached  to  the  SFP.  With  this  potential,  the  SFP 
by  itself  could  become  a  construction  facility  capable  of  providing; 

•  a  stable  construction  platform 

•  habitation  modules 

•  storage  facilities 

•  machine  shops 

•  communication  centers 

With  appropriate  design  considerations,  the  SFP  could  grow  into  any  of  the  large 
space  structures  cited  in  Section  2.2. 

2.5  Summary 

This  chapter  identified  the  requirement  for  large  structures  in  space  and  sug¬ 
gested  utilizing  the  space  shuttle  external  tank  to  support  their  construction.  The 
potential  uses  of  the  external  tank  were  presented.  The  concept  of  creating  a  plat¬ 
form  that  fabricates  trusses,  made  from  external  tank  raw  materials,  and  utilizes 
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electrodynamic  propulsion  was  developed.  The  potential  of  the  platform  to  deliver 
completed  trusses  or  modified  tanks,  or  become  any  one  of  the  large  space  structures 
identified  in  the  beginning  of  the  chapter  was  proposed. 
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III.  System  Overview 


3. 1  Introduction 

This  chapter  is  intended  to  assist  the  rest  of  the  report  by  providing  insight 
to  the  desired  outcome  of  the  SFP  study.  An  overview  of  the  fundamental  decision 
drivers  and  resulting  SFP  design  is  presented.  The  chapter  is  divided  into  two  sec¬ 
tions:  SFP  des’gn  requirements  and  SFP  overview.  With  the  problem  identified  in 
Chapter  1,  ana  the  motivation  established  in  Chapter  2,  the  SFP  design  require¬ 
ments  can  be  generated.  The  influence  of  these  requirements  and  resulting  SFP 
specifications  are  then  summarized. 

3.2  Requirements 

Requirements  for  the  SFP  were  developed  by  the  group  to  satisfy  the  objec¬ 
tives  listed  in  Section  1.3  and  establish  technical  feasibility.  The  requirements  were 
organized  into  needs,  alterables,  and  constraints  as  defined  by  Sage  (72:79-83).  The 
Sage  format  greatly  assisted  in  focusing  the  design  study. 

3.2.1  Needs.  Needs  are  required,  useful,  or  desired  features  designed  into 
a  system  (72:79).  The  needs  identified  for  the  SFP  are: 

•  a  truss  product  that  enhances  the  construction  of  large  structures  in  space 

•  a  truss  product  that  utilizes  the  raw  materials  of  the  space  shuttle  external 

tank 

•  a  delivery  capability 

•  a  maneuvering  system  that  utilizes  electrodynamic  propulsion 

•  a  versatile  payload  capability 

•  a  versatile  stand-off  envelope 
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•  a  versatile  orbit  envelope 

•  an  open  work  area  for  mission  ready  operations 

3.2.2  Alterables.  Alterables  are  the  factors,  pertaining  to  the  needs,  which 
can  be  changed  during  the  design  of  a  system  (72:81).  The  alterables  identified  for 
the  SFP  are: 

•  the  truss  product  shape  and  dimensions 

•  the  welding  method  for  truss  fabrication 

•  the  delivery  method 

•  the  payload  capacity 

•  the  stand-off  envelope 

•  the  orbit  envelope 

•  the  electrical  power  generation  method 

•  the  platform  assembly  plan 

•  the  components  of  the  platform  prefabricated  on  Earth 

•  the  manning  requirements 

•  the  command  and  control  locations 

3.2.3  Constraints.  Constraints  are  the  limitations  under  which  the  needs 
must  be  satisfied  or  the  range  over  which  the  alterables  can  be  varied  (72:82).  The 
constraints  identified  for  the  SFP  are: 

•  the  primary  source  of  material  for  the  truss  product  will  be  the  space  shuttle 
external  tank 

•  the  primary  propulsion  method  will  be  electrodynamic 

•  the  maximum  usable  electrical  power  will  be  82  kW 
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•  the  maximum  conductor  temperature  of  the  electrodynamic  propulsion  system 
will  be  438°C  (allows  a  safety  factor  of  1.5  from  the  minimum  melting  point 
of  the  materials  used  in  the  propulsion  system) 

•  the  maximum  time  required  for  a  200  km  orbital  altitude  change  will  be  less 
than  20  days 

•  the  minimum  payload  capacity  will  be  30,000  kg 

•  the  stand  off-envelope  will  be  from  0  to  at  least  40  m  around  a  target’s  center 
of  mass 

•  the  orbit  inclination  envelope  will  be  between  0°  and  28.5° 

•  the  orbit  altitude  envelope  will  be  between  300  and  500  km 

The  SFP  is  a  prototype  platform.  Any  change  in  the  needs,  alterables,  or 
constraints  could  change  the  final  design  but  still  establish  technical  feasibility  of  the 
concept.  Recall,  the  needs,  alterables,  and  constraints  for  this  study  were  developed 
by  the  group  to  best  demonstrate  the  technical  feasibility  of  an  SFP;  this  does  not 
imply  they  are  the  only  needs,  alterables,  and  constraints  that  could  accomplish 
the  same  task.  Chapter  XI  analyzes  the  effects  of  designing  to  alternative  needs, 
alterables,  and  constraints. 

3.2.4  Decision  Making.  The  decision  making  process  used  throughout 
this  study  can  be  characterized  as  discrete  judgement.  As  mentioned  in  Section  1.4, 
solutions  were  chosen  based  on  technical  merit  without  the  influence  of  product 
availability  or  monetary  cost.  The  metrics  used  (mass,  size,  power,  etc.)  in  design 
tradeoffs  were  based  on  situational  appropriateness  and  vary  between  tradeoffs. 

The  flow  of  the  report  is  to  introduce  possible  design  tradeoffs  as  they  occur 
in  their  respective  chapters  and  immediately  identify  the  best  solution.  Usually, 
the  tradeoff  analysis  is  deferred  to  the  design  sensitivities  chapter  at  the  end  of  the 
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report.  The  desire  is  for  the  body  of  the  report  to  maintain  a  logical  progression 
towards  the  final  SFP  design. 

3.3  Overview 

This  section  summarizes  the  final  design  developed  in  the  remainder  of  the 
report.  Its  purpose  is  to  assist  with  continuity  while  reading  the  individual  areas 
of  consideration  that  were  analyzed  in  the  design  process.  Details  of  the  decisions 
made  during  the  design  process  are  addressed  in  Chapter  XL 

3.3.1  Configuration.  Figure  3.1  illustrates  the  final  configuration  of  the 
SFP.  It  is  influenced  by  all  the  needs,  alterables,  and  constraints,  but  dominated  by 
the  need  for  delivery  and  maneuvering  capabilities. 

The  ultimate  purpose  of  the  SFP  is  to  support  construction  in  space.  To 
accomplish  this,  the  SFP  product  —  trusses  —  has  to  be  readily  avaulable  to  the  end 
user.  The  SFP  possesses  an  open  work  area,  remote  manipulator  systems  (docking 
and  servicing  systems),  and  a  maneuvering  system  to  facilitate  delivery  of  the  truss 
product. 

After  some  reflection,  it  can  be  seen  that  the  manipulation  of  Fb  =  iLx  B  for 
six  degrees-of-freedom  mandates  conductors  in  three  orthogonal  directions,  as  well  as 
augmentation  thrusters  parallel  to  the  B-field  and  an  attitude  torque  generation  sys¬ 
tem.  The  layout  of  the  SFP  accommodates  these  requirements  with  main,  cross,  and 
orthogonal  integrated  trusses  that  house  conductors,  four  augmentation  thrusters, 
and  a  coiled  conductor  integrated  truss  unit  housing  attitude  control  elements.  The 
use  of  electrodynamic  propulsion  for  maneuvering  capability  significantly  influences 
the  design  of  the  SFP. 

Solar  dynamic  power  modules  were  incorporated  with  the  existing  ASSET 
photovoltaic  arrays  and  placed  at  the  ends  of  cross  integrated  trusses.  The  solar 
dynamic  power  modules  possess  higher  power  to  mass  ratios  than  the  photovoltaic 
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Truss  Product 

Dimensions 

1.0  X  1.0  X  (variable)  m 

Mass/Length 

5.25  kg/m 

Welding  Method 

Ltiser 

Axial  Stiffness 

3.774  X  10^  N 

Bending  Stiffness 

9.135  X  10«  iV-m^ 

Torsional  Stiffness 

1.103  X  10®  iV  • 

Production  Rate 

77  m/hour 

Table  3.1  Truss  Product  Specifications. 


arrays.  They  also  possess  thermal  energy  storage  elements  that  provide  power  during 
eclipse  operations,  and  eliminate  the  need  for  additional  batteries.  The  position  of 
the  solar  power  systems  on  the  SFP  is  required  for  unobstructed  orientation  with 
the  Sun  at  all  attitudes. 

There  are  no  habitation  modules  on  the  SFP;  all  manning  requirements  are 
satisfied  by  space  shuttle  visitations.  Remote  manipulators  and  ground  control  are 
used  extensively  throughout  assembly  and  mission  ready  operations. 

3.3.2  Truss  Product  Characteristics.  Trusses  are  produced  by  a  truss 
maker  on  the  SFP.  Specifications  of  the  trusses  are  listed  in  Table  3.1.  They  are 
strong  and  compliment  the  construction  of  future  structures  in  space.  The  truss 
maker  produces  continuous  trusses  allowing  the  end  user  to  determine  the  length. 
The  SFP  can  fabricate  the  same  amount  of  truss  from  one  external  tank  as  four 
dedicated  shuttle  missions  can  deliver  in  the  cargo  bay. 

3.3.3  Platform  Capabilities.  The  electrodynamic  propulsion  system  pro¬ 
vides  a  precise  and  versatile  transportation  and  delivery  capability  for  the  truss 
product.  The  SFP  can  continuously  track  a  target  in  i?-bar,  F-bar,  Z-bar  (see  Fig¬ 
ure  3.2).  The  maximum  /?-bar  stand-off  capability  is  82  m  —  SFP  center  of  mass 
to  target  center  of  mass.  The  tracking  system  is  ideal  for  docking  since  plume  im- 
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Figure  3.2  /E-bar,  F-bar,  and  Z-bar  tracking.  iE-bar  is  defined  along  the  radial 
direction,  F-bar  is  defined  along  the  orbit  path  direction,  and  Z-bar  is 
defined  along  the  out  of  plane  direction. 

pingement  is  not  a  concern.  With  the  assistance  of  the  remote  manipulator  systems, 
the  SFP  can  deliver  the  truss  product  in  a  wide  variety  of  orientations. 

The  electrodynamic  propulsion  system  also  provides  an  effective  gi  oss  orbited 
maneuvering  capability.  The  SFP  can  orbit  anywhere  from  300  to  500  km  in  altitude 
and  traverse  this  200  km  envelope  in  less  than  12  days.  It  is  capable  of  orbit 
inclinations  between  0“  and  28.5°. 

In  most  cases,  the  remote  manipulator  and  maneuvering  commands  originate 
from  ground  workstations.  Permanent  manning  is  not  required,  and  the  time  when 
the  space  shuttle  is  off  station  is  effectively  utilized. 

The  capabilities  of  the  SFP  addressed  in  this  section  highlight  the  design  study. 
They  are  summarized  in  Table  3.2 

3.3.4  Platform  Assembly.  Chapter  IX  describes  the  SFP  assembly  pro¬ 
cess.  It  is  briefly  explained  here  to  further  assist  with  the  system  overview.  The 
assembly  will  begin  by  using  an  ASSET  dismantled  external  tank  for  station  keep¬ 
ing  and  power.  A  consolidated  truss  maker  and  a  segment  of  the  SFP  main  integrated 
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SFP 

Dimensions 

50.0  X  64.3  X  38.3  m 

Mass 

79,309  kg 

Primary  Propulsion 

Electrodynamic 

Power  Source 

Solar  Dynamic  &  Photovoltaic 

Permanent  Manning  Requirement 

None 

Primary  Commajid  and  Control  Source 

Ground 

Orbital  Altitude  Envelope 

300-500  km 

Orbital  Inclination  Envelope 

0-28.5  “ 

Maximum  Payload 

31,300  kg 

Maximum  Acceleration  Rate 

10.3  X  10-®  m/s^ 

Minimum  Time  for  200  km  Altitude  Change 

11.9  days 

Maximum  R-bar  Stand-off  Range 

82  m 

Maximum  Continuous  Usable  Power 

82  kW 

Standard  Mission  Avg  Power 

44.9  kW 

Propulsion  Efficiency 

87% 

Table  3.2  The  final  design  specifications  for  the  SFP. 


truss  will  be  brought  into  orbit  by  the  space  shuttle.  The  truss  maker,  mounted  to 
the  main  truss  segment,  will  be  attached  to  the  external  tank.  Additional  main  truss 
segments  will  be  delivered  on  subsequent  space  shuttle  missions  and  attached  to  the 
previous  truss  segments  until  the  main  integrated  truss  is  complete.  Once  complete, 
the  main  integrated  truss  will  house  conductors  that  can  assist  with  station  keeping, 
using  ASSET  power.  The  next  shuttle  mission  will  deliver  a  coiled  conductor  inte¬ 
grated  truss  for  attitude  control.  The  coiled  conductor  integrated  truss  mounts  to 
the  side  opposite  the  truss  maker  on  the  main  integrated  truss.  In  addition  to  atti¬ 
tude  control,  it  also  establishes  mounting  points  for  the  cross  integrated  trusses  and 
the  orthogonal  integrated  truss.  The  cross  trusses  and  orthogonal  truss  are  deliv¬ 
ered  by  the  space  shuttle  and  assembled  in  segments  similar  to  the  main  truss.  The 
cross  trusses  house  conductors  for  electrodynamic  propulsion  and  also  provide  loca¬ 
tions  for  solar  power  systems.  When  the  orthogonal  integrated  truss  is  installed,  it 
will  provide  the  final  conductors  required  to  complete  the  electrodynamic  propulsion 
system. 
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IV.  Material  Salvage  and  Pre-Processing  Operations 

4.1  Introduction 

An  Aluminum  Salvage  Station  for  the  External  Tank  (ASSET)  was  the  result 
of  a  systems  engineering  design  study  to  develop  possible  techniques  for  tr«insforming 
the  space  shuttle  external  tank  into  a  source  of  construction  material  at  low  Earth 
orbit  (31:xxii).  The  beginning  of  this  chapter  briefly  describes  ASSET  and  ASSET 
salvage  operations.  Additional  ASSET  information  is  provided  in  Appendix  A-  Ref¬ 
erences  (31)  and  (80)  are  the  primary  sources  for  ASSET.  The  remainder  of  the 
chapter  addresses  the  external  tank  material  salvage  and  preprocessing  requirements 
for  accommodating  the  SEP. 

4-3  ASSET  General  Description 

ASSET  is  a  station  in  low  Earth  orbit  where  external  tanks  are  reduced  to 
raw  material.  The  structure  of  ASSET  is  a  partially  reduced  external  tank  (see 
Figure  4.1).  The  external  tank  is  brought  into  low  Earth  orbit  —  as  described  in 
Section  2.3.1  —  on  a  dedicated  ASSET  shuttle  mission.  During  the  mission,  reduc¬ 
tion  equipment  is  set  up  inside  the  external  tank  to  begin  the  salvage  operation.  Two 
hydrazine  boost/deboost  modules  are  attached  to  the  external  tank  for  altitude  and 
attitude  control  (31:5.38).  Photovoltaic  arrays  are  added  to  provide  electrical  power 
for  the  boost/deboost  modules,  avionics,  lights,  cameras  and  reduction  equipment. 

The  LH2  tank  section  of  the  external  tank  is  the  source  of  material  for  the 
salvage  operations  (see  Figure  4.2).  Reduction  equipment  cuts  composite  sections  of 
I-beams,  flat  plates,  and  spray-on  foam  insulation  (SOFI)  from  the  skin  of  the  LH2 
tank.  Figure  4.3  illustrates  the  potential  source  of  I-beams  and  flat  plate  with  an 
exploded  view  of  the  LH2  tank.  A  primary  cutter  tracks  along  the  I-beams  inside  the 
LH2  tank  cutting  out  the  composite  sections  with  an  electron  beam  (see  Figure  4.4). 
The  primary  cutter  and  the  cut  out  composite  sections  are  maneuvered  with  a  robot 
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Figure  4.1  ASSET,  The  facility  is  produced  from  the  external  tank  of  the  first  space 
shuttle  mission  dedicated  to  ASSET  (31). 


Figure  4.2  The  external  tank  is  composed  of  the  LO2  tank,  the  intertank,  and 
the  LH2  tank.  The  LH2  tank  is  the  source  of  material  for  the  salvage 
operations  (31). 
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Figure  4.3  tnkblow  An  exploded  view  of  the  LH2  tank.  The  potential  source  for 
I-beams  and  flat  plates  between  them  can  be  readily  seen  in  the  lower 
illustrations.  Dimensions  for  this  figure  are  in  inches. 


Figure  4.4  Cross-section  of  an  LH2  tank  during  ASSET  salvage  operations.  The 
primary  cutter  tracks  I-beams  inside  the  LH2  tank  to  cut  out  a  com¬ 
posite  section  of  skin  with  an  electron  beam.  The  primary  cutter  and 
the  cut  out  composite  sections  are  maneuvered  with  a  robot  arm  on  a 
centerline  track  inside  the  LH2  tank  (31). 
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Figure  4.5  Cross-section  of  a  composite  section  of  LH2  tank  skin  before  and  after 
workstation  processing.  The  SOFI  is  removed  and  the  I-beam  is  sepa¬ 
rated  from  the  flat  plate.  Dimensions  for  this  figure  are  in  inches  (31). 

arm  on  a  centerline  track  inside  the  LH2  tank.  The  composite  sections  are  carried  to 
a  workstation.  At  the  workstation,  the  SOFI  is  removed,  and  the  I-beam  is  cut  from 
the  flat  plate.  Figure  4.5  identifies  a  composite  section  before  being  processed  by  the 
workstation  and  the  resulting  I-beaxn  and  flat  plate  after  workstation  processing. 

Ninety-four  percent  of  the  raw  material  produced  by  ASSET  salvage  operations 
comes  in  two  shapes  and  two  lengths: 

•  81  flat  plates  4.140  m  long 

•  267  flat  plates  5.715  m  long 

•  81  I-beams  4.140  m  long 

•  267  I-beams  5.715  m  long 

All  flat  plates  are  24.18  cm  wide  and  0.32  cm  thick  with  a  radius  of  curvature  of 
420.40  cm.  All  I-beams  are  3.18  cm  wide  and  3.18  cm  tall  with  a  web  thickness  of 
0.25  cm  and  a  flange  thicknesses  of  0.32  cm. 
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Once  the  first  external  tank  is  made  into  ASSET,  the  study  proposes  that 
subsequent  external  tanks  cure  docked  with  the  ASSET  for  reduction.  The  reduction 
equipment  is  transferred  to  the  new  external  tank,  and  the  LH2  tank  is  salvaged  into 
more  raw  material.  Afterwards,  the  reduction  equipment  and  raw  material  product 
are  transferred  back  to  ASSET,  and  the  remainder  of  the  reduced  external  tank  is 
detached  and  programmed  to  deorbit. 

To  accommodate  an  ASSET  dedicated  mission,  the  external  tank  must  be 
modified  on  the  ground.  The  significant  ASSET  external  tank  modifications  are 
listed  as  follows  (31:5.4); 

•  deactivate  tumble  valve 

•  install  a  disarm  feature  on  the  range  safety  system 

•  install  an  LO2  and  LH2  tank  depressurization  capability. 

•  install  hand  rails  and  foot  restraints  within  the  LH2  tank  to  assist  extra  ve¬ 
hicular  activity  (EVA) 

•  install  a  centerline  track  in  the  LH2  tank  for  the  ASSET  robot  arm 

•  install  a  handle  on  the  aft  manhole  cover 

•  install  bar  codes,  for  indexing,  on  the  major  ring  frames 

•  pre-tap  holes  for  workstation  mounts 

•  pre-tap  holes  for  brackets  and  lights  on  the  major  ring  frames 

•  modify  the  intertank  to  access  power  and  power  conditioning  systems 

4-3  Modifications  to  ASSET  Equipment  and  Procedures 

The  SEP  possesses  a  truss  maker  (see  Section  5.3)  that  uses  the  raw  materials 
produced  during  ASSET  type  salvage  operations  to  create  continuous  trusses  of 
variable  lengths.  For  ASSET,  the  raw  materials  are  cut  into  shapes  and  lengths 
which  optimize  ASSET’S  cutting  and  storage  operations.  However,  before  the  SFP 
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Figure  4.6  End  and  side  view  of  a  single  bay  of  SFP  produced  truss  (not  to  scale). 

truss  maker  can  use  the  raw  materials  for  truss  fabrication,  modifications  to  the 
salvage  operations  are  required.  The  raw  materials  must  be  cut  into  SFP  truss 
maker  required  shapes  and  lengths.  Once  the  materials  are  appropriately  sized,  they 
must  be  prepared  for  use  by  loading  them  into  storage/feed  magazines.  As  the  name 
implies,  the  magazines  not  only  store  the  raw  materials  but  eventually  feed  the  SFP 
truss  maker.  See  section  11.5  for  the  specific  quantities  and  configurations  of  the 
raw  materials  required  for  truss  construction. 

Two  SFP  fabricated  truss  configurations  were  considered  as  possible  options 
for  utilizing  ASSET  raw  material.  Selection  of  the  final  SFP  fabricated  truss  con¬ 
figuration  is  described  in  Section  11.5.  The  members  which  make  up  a  truss  section 
are  identified  in  Figure  4.6.  Material  and  physical  properties  of  the  SFP  produced 
truss  are  discussed  in  Appendix  B.  The  necessary  processes  and  tools  to  fabricate 
the  SFP  truss  from  external  tanks  are  discussed  in  the  remaining  sections. 

4.3.1  External  Tanks.  The  SFP  assembly  originates  from  an  already 
established,  SFP  modified,  ASSET.  When  the  SFP  is  mission  ready,  subsequent 
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Figure  4.7  An  external  tank  modified  with  a  heavy  grapple  fixture  opposite  the 
forward  external  tank/orbiter  strut.  The  lower  illustration  in  the  figure 
is  an  enlarged  side  view  of  a  heavy  grapple  fixture.  The  heavy  grapple 
fixture  will  be  grappled  by  the  SFP  during  docking. 


external  tanks  replace  the  original  external  tank  for  more  salvage  operations.  The 
SFP  requires  an  additional  ground  modification  to  all  the  external  tanks  it  processes. 
A  heavy  grapple  fixture  is  installed  on  the  interteink  opposite  the  forward  external 
tank/orbiter  strut  (see  Figure  4.7).  The  heavy  grapple  fixture  is  used  for  docking 
the  SFP  with  an  external  tank  (see  Section  8.3).  For  SFP  assembly  reasons,  the 
first  ASSET  used  to  construct  the  SFP  requires  an  additional  heavy  grapple  fixture 
displaced  45°  from  the  primary  heavy  grapple  fixture  (see  Figure  4.8). 

^.3.S  Primary  Cutter.  To  eliminate  storage  and  debris  concerns,  the 
primary  cutter  is  reprogrammed  for  SFP  operations  to  only  cut  out  the  material 
required  for  truss  fabrication.  The  unused  material  remains  attached  to  the  external 
tank.  SFP  truss  fabrication  design  decisions  are  discussed  in  Section  11.5.  The 
primary  cutter  cuts  out  the  267  composite  sections  that  are  5.715  m  long,  but  only 
the  I-beam  portions  of  the  81  composite  sections  that  are  4.140  m  long.  Additionally, 
the  ends  of  the  flat  plates  on  the  5.715  m  composite  sections  are  cut  at  an  angle. 
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P’igure  4.8  A  cross-section  view  of  the  external  tank  modified  with  heavy  grapple 
fixtures.  The  heavy  grapple  fixture  offset  45°  is  only  required  for  the 
first  ASSET  used  in  SFP  assembly. 

Originally,  ASSET  cut  out  81  composite  sections  from  the  external  tank  in  the 
form  of  4.140  m  long  I-beams  attached  to  24.18  cm  wide  flat  plates.  However,  the 
SFP  truss  maker  requires  only  the  81  I-beams  and  not  the  flat  plates.  The  I-beams 
Jire  cross  members  for  the  truss  product.  To  accommodate  this  requirement,  the 
primary  cutter  only  cuts  out  the  ^  Seams  from  the  4.140  m  long  composite  sections. 
The  flat  plate  material  remains  attached  to  the  external  tank  (see  Figure  4.9). 

The  angle  cut  of  the  flat  plates  is  necessairy  to  eventually  create  diagonal  truss 
members.  The  angled  ends  of  the  diagonal  members  allow  a  tight  fit  during  the  truss 
fabrication  process.  They  also  provide  a  larger  surface  area  for  weld  attachment  of 
the  diagonal  member  to  the  truss  longitudinal  member  (see  Figure  4.10).  Figure  4.11 
illustrates  the  reprogrammed  cuts  on  the  267  5.715  m  composite  sections.  The  angle 
cut  is  accomplished  by  reprogramming  the  path  of  the  primary  cutter.  For  the  SFP 
truss  maker,  the  desired  angle  is  12.8°. 
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Figure  4.9  The  primary  cutter  is  reprogrammed  to  travel  3.175  cm  during  its  cross 
cut  of  the  4.140  m  composite  sections.  This  produces  81  4.140  m  I- 
beams.  The  flat  plate  originally  cut  during  this  same  process  remains 
attached  to  the  external  tank.  Salvaging  the  material  in  this  manner 
eliminates  the  problem  of  storing  the  excess  flat  plate  material. 

4.3.S  Workstation.  In  the  original  ASSET  salvage  operations,  the  robot 
arm  carries  a  composite  section  of  skin  to  a  workstation  for  SOFT  removal  and  separa¬ 
tion  of  the  I-beam  and  flat  plate  (see  Figure  4.12)  (31:5.23).  At  the  workstation,  the 
SOFI  stripper  uses  a  rotating  wire  wheel  to  cut  the  SOFI  from  the  aluminum  skin. 
Then,  an  electron  beam  cutter  cuts  the  I-beam  from  the  skin  creating  a  separate 
I-beam  and  a  flat  plate.  Figure  4.5  shows  the  material  before  and  after  processing 
through  the  workstation. 

Figure  4.13  illustrates  the  modified  workstation  to  support  the  SFP.  After 
SOFI  removal,  the  flat  plate  material  from  the  composite  sections  is  cut  into  five 
equal  width  strips  and  the  I-beams  are  sliced  down  the  center  of  the  web  to  form 
two  T-beams.  To  accomplish  this,  the  workstation  is  modified  by  the  addition  of 
'ven  laser  beam  cut  heads  connected  to  a  laser  beam  cutting  system.  Figure  4.14  is 
an  end  view  of  the  rack  of  seven  laser  beam  cut  heads  in  the  workstation.  The  ASSET 
electron  beam  cutter  is  eliminated.  The  reasons  for  selecting  laser  technology  over 
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Figure  4.10  In  the  top  illustration,  an  angled  cut  allows  a  proper  fit  for  the  diagonal 
truss  member  in  the  truss  product  and  also  provides  a  larger  surface 
area  for  weld  attachment.  The  bottom  illustration  shows  how  a  poor 
fit  occurs  without  the  angled  end  of  the  diagonal  truss  member. 


Figure  4.11  The  primary  cutter  is  reprogrammed  to  produce  an  angle  cut,  required 
later  by  the  SFP  truss  maker,  on  the  diagonal  truss  member. 
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Figure  4.12  Side  view  of  the  ASSET  workstation.  The  workstation  removes  the 
SOFI  and  separates  the  I-beam  from  the  flat  plate  (31). 


LONGITODIRAL  MEMBER  STORACE/FEEO 
MAGAZINE 


LASER  BEAM  COT 
HEADS  X. 


LCMGITUDINAL  MEMBER  GRASPERS 


LONGITUDINAL  AND  DIAGONAL  MEMBER 
STORAGE/FEED  MAGAZINES 


Figure  4.13  Side  view  of  the  ASSET  workstation,  modified  to  support  the  SFP. 
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Figure  4.14  An  end  view  of  the  seven  laser  beam  cut  heads  in  the  modified  ASSET 
workstation.  The  dotted  I-beam  represents  the  capability  to  operate 
on  composite  sections  with  the  I-beam  on  the  opposite  side. 


electron  beam  technology  are  discussed  in  Section  11.6.  This  same  laser  technology 
is  also  used  during  the  SFP  truss  fabrication  phase  described  in  Section  5.3. 

Five  of  the  laser  beam  cut  heads  are  attached  above  the  workstation  and  serve 
two  functions:  they  separate  the  I-beam  from  the  flat  plate  material  in  the  5.715  m 
long  composite  sections,  and  they  slice  the  5.715  m  flat  plates  lengthwise.  As  de¬ 
scribed  earlier,  the  latter  function  is  to  produce  diagonal  members  for  the  truss 
product.  The  two  side  mounted  laser  beam  cut  heads  also  serve  two  functions:  they 
slice  the  web  of  the  I-beam  material  lengthwise  to  produce  T-beams.  and  they  cut 
the  4.140  m  T-beam  material  cross- wise  to  form  equal  length  (1.035  m)  T-beams. 
The  5.715  m  and  1.035  m  T-beams  cire  the  longitudinal  and  cross  members  of  the 
truss  product  respectively.  A  side  mounted  laser  beam  cut  head  is  required  on  both 
sides  of  the  workstation  because  the  primary  cutting  procedure  produces  composite 
sections  with  alternating  I-beam  side  locations. 


4-3.3. 1  Side  Mounted  Laser  Beam  Cu*  Heads.  As  the  composite 
section  is  driven  past  the  side  mounted  laser  beam  cut  head,  the  I-beam  is  sliced 
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Figure  4.15  Side  view  of  the  I-beam  on  a  composite  section  being  driven  through  a 
side  mounted  laser  beam  cut  head.  In  this  particular  illustration,  the 
resulting  T-beams  are  being  cross  cut  into  1.035  m  lengths  and  will 
serve  as  the  cross  members  of  the  truss  product. 

down  the  center  of  the  web  to  form  two  T-beams  (see  Figure  4.15).  For  cross  member 
production,  the  4.140  m  composite  sections  are  driven  1.035  m,  the  drive  stops,  and 
the  two  T-beams  are  grasped  by  the  cross  member  graspers.  Then,  the  side  mounted 
laser  beam  cut  head  translates  orthogonally  to  cut  the  T-beams  cross-wise.  Upon 
completion  of  the  cross-wise  cut,  the  side  mounted  laser  beam  cut  head  returns  to  its 
original  position,  the  drive  resumes  moving,  and  cutting  continues  in  the  lengthwise 
direction.  The  cross- wise  cut  is  accomplished  three  times  for  every  piece  of  4.140  m 
I-beam  fed  into  the  workstation.  This  produces  648  truss  cross  members  that  are 
1.035  m  long. 

As  soon  as  the  cross-wise  cut  is  made,  the  cross  member  graspers  translate 
and  load  the  cross  members  into  cross  member  storage/feed  mageizines  (discussed 
at  the  end  of  this  section).  The  cross  member  graspers  then  return  to  their  original 
positions  and  await  the  next  pair  of  T-beam  members. 
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The  cross-wise  cut  is  unnecessary  when  salvage  operations  shift  to  longitudinal 
truss  member  production.  EVA  crews  extend  the  workstation  distance  between 
the  laser  beam  cut  heads  and  the  graspers  to  accommodate  the  5.715  m  composite 
sections  and  bring  in  longitudinal  member  storage/feed  magazines  to  replace  the 
cross  member  storage/feed  magazines.  The  longitudinal  members  are  loaded  into 
magazines  in  exactly  the  same  way  as  the  cross  member  magazines.  This  produces 
534  5.715  m  longitudinal  members. 

The  process  of  T-beam  cutting  and  magazine  loading  is  accomplished  on  either 
side  of  the  workstation.  This  means  four  magazines,  two  on  each  side  of  the  work¬ 
station,  are  required  during  material  processing.  Magazine  height  was  a  concern  due 
to  the  91  cm  diameter  manhole  each  magazine  was  required  to  pass  through  to  gain 
external  tank  entry.  Therefore,  a  total  of  12  cross  member  magazines  are  used  to 
store  the  648  cross  members.  By  increasing  the  number  of  magazines,  the  height 
of  the  cross  member  storage/feed  magazine  is  reduced  to  85  cm.  The  width  of  the 
cross  member  storage/feed  magcizine  is  8  cm. 

Similar  height  concerns  for  the  longitudinal  member  storage/feed  magazines 
were  alleviated  by  again  using  12  magazines  for  storage.  The  height  of  the  magazine 
was  thus  reduced  to  71  cm.  The  width  of  the  longitudinal  member  storage/feed 
magazines  is  also  8  cm. 

The  magazines  are  changed  out  by  EVA  crews.  Full  magazines  are  placed 
on  a  rack  inside  the  external  tank  and  will  be  removed  by  the  remote  manipulator 
servicing  system  after  the  salvage  operations  are  complete.  The  servicing  system  is 
described  in  Section  8.2. 

4-3. 3. 2  Top  Mounted  Laser  Beam  Cut  Heads.  As  the  5.715  m  com¬ 
posite  sections  are  driven  past  the  rack  of  five  top  mounted  laser  beam  cut  heads, 
the  flat  plates  are  cut  into  five  equal  width  strips  (see  Figure  4.16).  The  five  diagonal 
members  generated  by  this  operation  are  already  the  proper  length  due  to  the  repro- 
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Figure  4.16  A  rack  of  five  top  mounted  laser  beam  cut  heads  cut  lengthwise  through 
the  salvaged  flat  plate  material  to  create  five  equal  width  strips  and 
separate  the  flat  plate  from  the  I-beam. 

grammed  cut  pattern  of  the  primary  cutter.  Two  centimeters  prior  to  completing  the 
lengthwise  cut  on  the  forward  most  diagonal  member,  the  drive  stops.  A  diagonal 
member  grasper  then  grasps  the  end  of  each  diagonal  member  about  to  be  sepa¬ 
rated.  Because  the  flat  plate  is  cut  at  an  angle,  the  diagonal  members  are  separated 
in  sequence  versus  simultaneously.  Once  grasped,  the  rack  of  five  laser  beam  cut 
heads  translates  to  cut  the  last  2  cm  of  the  lengthwise  cut  to  complete  the  diagon£il 
member  separation.  The  diagonal  member  grasper  extends  the  separated  diagonal 
member  to  a  position  for  loading  into  a  diagonal  member  storage/feed  magaizine. 
The  loading  process  is  the  same  as  that  described  for  the  cross  and  longitudinal 
storage/feed  magazines.  When  the  diagonal  member  is  loaded  into  the  magazine, 
the  diagonal  member  grasper  resets  over  the  next  diagonal  member  to  be  separated. 
The  rack  of  laser  beam  cut  heads  then  translates  bank  to  the  position  where  the 
simultaneous  cuts  were  completed,  and  the  drive/cutting  procedures  resume. 
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Eight  diagonal  member  storage/feed  magazines  are  loaded  one  magazine  at  a 
time.  When  five  magazines  are  full,  EVA  crews  change  out  the  full  magazines  and 
place  them  on  the  rack  inside  the  external  tank  for  servicing  system  removal.  The 
diagonal  storage/feed  magazine  height  is  52  cm. 

4-3.4  Storage/Feed  Magazines.  The  storage/feed  magazines  used  to  store 
and  eventually  feed  individual  truss  members  to  the  SEP  truss  maker,  are  modified 
versions  of  the  magazines  designed  during  the  General  Dynamics  Space  Construc¬ 
tion  Automated  Fabrication  Experiment  Definition  Study  (12:2.130).  In  the  General 
Dynamics  case,  the  truss  members  were  pre-loaded  on  the  ground  and  eventually 
fed  the  General  Dynamics  truss  maker  in  space.  For  a  description  of  the  General 
Dynamics  truss  maker,  see  Section  5.2  and  (12).  In  the  case  of  the  SFP  study,  the 
magazines  have  been  modified  to  allow  loading  in  space  as  well  as  feeding  the  truss 
members  to  the  SFP  truss  maker.  This  is  not  a  major  modification  to  the  original 
concept  and  requires  only  that  the  top  and  bottom  of  the  magazine  be  accessible 
(see  Figure  4.17).  The  top  is  used  for  loading  truss  members,  while  the  bottom  is 
used  for  feeding  truss  members  to  the  SFP  truss  maker. 

Although  three  different  size  magazines  are  required  for  the  three  types  of  SFP 
truss  members,  the  operation  of  all  three  are  basically  the  same.  The  only  difference 
is  a  pusher  device  added  to  the  longitudinal  member  storage/feed  magazine.  This 
is  required  for  feeding  material  into  the  SFP  truss  maker.  The  magazines  are  also 
fitted  with  dextrous  grappling  fixtures  for  eventual  SFP  servicing  system  grasping 
and  maneuvering. 
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Figure  4.17  Side  view  of  a  cross  member  storage/feed  magazine.  The  magazine 
is  representative  of  the  three  different  storage/feed  magazines  used  on 
the  SFP. 
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V.  TYuss  Making 


5. 1  Introduction 

The  SFP  is  designed  to  fabricate  versatile  trusses  which  are  basic  elements 
for  the  construction  of  other  space  structures.  Therefore,  a  literature  survey  was 
conducted  to  determine  whether  this  type  of  operation  had  ever  been  conceived  and 
to  what  extent  it  had  been  carried  out. 

During  the  late  1970’s  and  early  1980’s,  much  attention  was  paid  to  the  possi¬ 
bility  of  placing  large  space  structures  into  orbit.  These  structures  were  to  be  either 
built  on  Earth  first  and  then  deployed  in  space,  or  manufactured  in  space  from  raw 
materials  brought  from  Earth. 

The  structures  to  be  built  on  Earth  were  to  be  manufactured  in  such  a  way 
as  to  require  as  little  volume  as  necessary  in  order  to  maximize  use  of  the  shuttle 
payload  bay.  Once  in  orbit  however,  these  condensed  packages  would  be  deployed  by 
different  methods  such  as  unfolding  or  unfurling  into  their  final  configuration.  Even 
though  ingenious  methods  for  condensing  and  deploying  these  types  of  structures 
were  envisioned,  numerous  shuttle  launches  would  still  be  required  to  create  a  space 
structure  of  significant  magnitude.  Further,  their  structures  did  not  possess  great 
rigidity. 

The  structures  to  be  manufactured  in  orbit  using  raw  materials  brought  from 
Earth  required  new  and  innovative  construction  techniques  before  being  considered 
feasible.  Even  though  the  complexity  of  the  problem  was  compounded  by  virtue  of 
the  harsh  environment  of  space,  the  benefit  was  the  possibility  of  deploying  in  one 
shuttle  mission  what  would  take  other  methods  multiple  shuttle  flights.  It  is  this 
second,  more  complex  space  manufacturing  method  discussed  in  this  design  study. 
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Figure  5.1  The  General  Dynamics  truss  builder  automatically  produces  a  truss  con¬ 
structed  of  three  formed  caps,  joined  to  channel  shaped  cross  members. 
It  is  stabilized  with  six  zig-zag  plyed  tension  cord  diagonals  (12:2-36), 

5.S  Background 

General  Dynamics  Convair  Division  and  Grumman  Aerospace  Corporation  ac¬ 
complished  independent  studies  outlining  a  method  of  manufeicturing  continuous 
truss  sections  in  space.  Truss  sections  are  the  basic  building  blocks  of  large  space 
structures  (i.e.,  platforms,  space  stations,  solar  power  satellites,  etc.)  and  therefore 
a  valuable  space  construction  commodity. 

The  General  Dynamics  truss  building  machine  (see  Figure  5.1)  was  designed 
during  the  Space  Construction  Automated  Fabrication  Experiment  Definition  Study 
and  the  truss  building  machine  by  Grumman  (see  Figure  5.2)  was  designed  during  the 
Space  Fabrication  Design  Study.  Ground  versions  of  both  machines  were  designed 
and  manufactured.  Each  demonstrated  the  capability  to  automatically  manufacture 
continuous  truss  sections.  Although  subtle  differences  existed  between  the  two  de¬ 
signs,  the  final  product  of  each  machine  looked  very  similar  (see  Figures  5.3  and  5.4). 
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Figure  5.2  The  Grumman  truss  builder  is  three  identical  machines  arranged  around 
a  common  axis.  Each  has  its  own  coiled  supply  of  material  used  for 
longitudinal  cap  formation.  Pre-formed  cross  braces  are  supplied  from 
cannisters  attached  to  the  machine.  Some  are  at  right  angles,  and  some 
are  inclined  with  respect  to  the  cap  members  (43). 


Figure  5.3  The  triangular  truss  produced  by  the  General  Dynamics  truss  builder 
us^d  zig-zag  plyed  tension  cord  as  its  diagonal  bay  support  (7). 
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Figure  5.4  The  triangular  truss  produced  by  the  Grumman  truss  builder  used  pre¬ 
formed  channel  braces  for  its  diagonal  members  (43). 

5.2.1  General  Dynamics  Truss  Machine.  The  General  Dynamics  machine 
was  designed  to  go  into  orbit  via  the  space  shuttle  and  carry  with  it  all  materi2ils  re¬ 
quired  to  manufacture  truss  sections.  The  space  manufactured  truss  was  constructed 
of  three  formed  caps.  These  caps  were  joined  to  channel  shaped  cross-members  and 
stabilized  with  six  zig-zag  plyed  tension  cord  diagonals.  Fabrication  of  the  truss 
required  the  following  processes  (12:2-36): 

•  raw  material  storage 

•  material  heating 

•  longitudinal  cap  forming 

•  truss  drive 

•  diagonal  cord  application 

•  cross  member  application 


•  truss  cutoff 


Each  of  these  processes  is  described  briefly  in  the  following  sections. 

5. 2. 1.1  Material  Storage.  Raw  material  for  the  truss  maker  was 
pre-processed  and  stored  in  a  condensed  form  for  use  in  space.  Flat  strip  material 
for  the  caps  was  stored  on  three  separate  rolls  (see  Figure  5.1).  Each  roll  could 
hold  approximately  200  m  of  0.0775  cm  thick  composite  strip  material  and  could  be 
replaced  by  another  roll  when  depleted. 

5.2. 1.2  Material  Heating.  The  flat  strip  material  for  the  caps  was  fed 
through  a  heating  section  in  preparation  for  forming.  The  heating  section  applied 
heat  only  to  bend  zones.  The  zones  were  heated  to  the  plastic  state  prior  to  entering 
the  forming  section.  Applying  heat  to  the  material  at  the  bend  zones  only,  provided 
significant  energy  savings. 

5.2. 1.3  Longitudinal  Cap  Forming.  The  General  Dynamics’  patented 
rolltrusion  process  was  used  to  form  the  heated  flat  strip  material  into  the  desired 
cross  sectional  shape  (see  Figure  5.5).  On  exit  from  the  forming  process,  the  cap 
sections  were  cooled  before  exposure  to  loads. 

5.2. 1.4  Truss  Drive.  The  truss  was  moved  through  the  fabrication 
process  and  deployed  into  space  by  a  drive  mechanism  on  each  cap  member.  The 
drive  mechanism  also  provided  the  force  necessary  to  extract  the  cap  material  from 
storage  and  pulled  it  through  the  forming  process. 

5.2. 1.5  Diagonal  Cord  Applicators.  As  the  truss  advanced  through 
the  fabrication  process,  the  diagonal  cord  members  were  plyed  across  each  face  of 
the  truss.  The  cords  were  properly  tensioned  and  positioned  for  attachment.  Final 
attachment  of  the  tensioned  diagonal  cord  members  was  accomplished  at  the  same 
time  as  the  cross  members.  This  procedure  is  discussed  in  the  next  section. 


5-5 


o 

60 


Figure  5.5  Cap  sections  formed  by  the  General  Dynamics  patented  rolltrusion  pro¬ 
cess  (12). 

5.2. 1.6  Cross  Members.  Prefabricated  cross  members  were  stacked 
closely  together  and  stored  in  a  clip  mechanism.  The  clip  had  a  belt  f  ed  mechanism 
designed  to  advance  the  stack,  one  member  at  a  time.  The  cross  members  were 
positioned  by  a  swing  arm  handler  mechanism.  When  the  cross  members  were  po¬ 
sitioned  and  the  cords  properly  tensioned  and  positioned,  one  of  six  ultrasonic  weld 
heads,  equipped  with  a  multiple-tipped  weld  horn,  spot-welded  the  truss  elements. 
The  spot  welding  process  captured  each  cord  within  a  weld  joint,  between  a  cap  and 
cross  member. 

5. 2. 1.1  Truss  Cutoff.  Once  the  desired  length  of  truss  had  been 
produced,  three  guillotines  cut  through  the  three  beam  cap  members.  The  finished 
truss  was  then  ready  to  be  utilized  as  required. 

5.2.2  Grumman  Truss  Machine.  The  Grumman  truss  making  machine 
was  also  designed  to  carry  into  orbit  all  materials  required  to  manufacture  truss 
sections  in  orbit.  The  Grumman  truss  maker  employed  three  cap  forming  machines 
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arranged  around  a  common  axis.  Each  machine  was  complete  with  the  storage, 
heating,  forming,  cooling,  and  drive  sub-functions  required  to  continuously  process 
strip  material  into  the  desired  cap  shape.  The  three  cap  sectic  .is  emerged  from  one 
end  of  the  machine  parallel  to  each  other,  1  m  apart  to  form  the  longitudinal  corner 
sections  of  a  triangular  truss  (43:34). 

Just  as  in  the  General  Dynamics  design,  pre-formed  cross  braces  were  supplied 
from  maga.zines  attached  to  each  face  of  the  machine.  The  magazines  supplied  cross 
braces  at  right  angles  to  the  caps.  These  cross  braces  were  then  induction  welded  to 
the  longitudinal  cap  members. 

The  Grumman  truss  maker  diverged  from  the  General  Dynamics  truss  maker 
by  using  a  longer  version  of  the  cross  brace  as  the  diagonal  member  instead  of  crossed 
cord  material.  Grumman  accomplished  this  by  attaching,  at  an  angle,  an  additional 
storage  magazine  to  each  face  to  supply  the  material  (43:35). 

5.3  SFP  Truss  Making 

Direct  application  of  either  of  the  above  truss  makers  for  the  SFP  is  not  pos¬ 
sible  primarily  because  raw  material  thickness  is  too  great  to  make  heat  forming 
practical.  A  discussion  of  this  and  other  decisions  related  to  truss  making  is  located 
in  Section  11.4.  However,  several  aspects  of  the  truss  making  processes  described 
earlier  find  direct  application  in  the  SFP  truss  making  machine  (see  Figure  5.6). 

The  SFP  truss  maker  also  has  some  unique  features  not  found  in  the  truss 
makers  described  earlier.  These  unique  features  are: 

•  the  four  sides  of  the  truss  maker  must  be  accessible  by  the  SFP  servicing  system 
which  is  described  in  Section  8.2 

•  the  truss  maker  rides  on  rails  along  the  main  integrated  truss  and  is  necessary 
for  center  of  mass  considerations  which  are  described  in  Section  H 
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•  the  top  of  the  truss  maker  is  the  mounting  point  for  the  docking  and  delivery 
system  and  is  described  in  Section  8.8 

In  general,  the  SFP  truss  maker  shown  in  Figure  5.6  begins  truss  fabrication 
when  longitudinal  T-beams  are  feed  into  the  truss  maker  at  one  end  and  welded  into 
continuous  longitudinal  members.  The  continuous  longitudinal  members  are  then 
indexed  through  the  truss  maker  —  stopping  and  starting  at  prearranged  stations 
to  receive  cross  and  diagonal  member  attachment.  The  indexing  process  required 
to  move  the  truss  through  the  truss  maker  is  such  that  cross  and  diagonal  members 
are  all  welded  to  the  longitudinal  members  during  one  stop.  An  additional  stop  is 
required  and  occurs  to  allow  the  formation  of  the  continuous  longitudinal  members. 
Therefore,  during  normal  operation,  only  two  stops  per  truss  maker  cycle  are  re¬ 
quired.  Finally,  once  the  desired  length  of  truss  has  been  fabricated,  grapple  fixtures 
are  attached  and  the  completed  truss  is  cut  and  stored  for  future  use.  The  remain¬ 
der  of  this  chapter  is  devoted  to  a  complete  description  of  the  SFP  truss  making 
machine. 

Simplicity  of  design  and  operation  was  the  primary  consideration  in  developing 
the  tools  and  automated  truss  maker  concept.  This  was  necessary  to  achieve  high 
reliability.  For  normal  operations,  no  manned  interface  is  necessary.  Fabrication  of 
the  SFP  truss  sections  requires  the  following  processes: 

•  telerobotic  manipulation  of  material  storage/feed  magazines 

•  feeding  longitudinal  T-beam  from  storage/feed  magazines 

•  truss  drive  and  guide  wheel  mechanism 

•  butt  welding  T-beams  to  form  continuous  longitudinal  members 

•  application  of  cross  members  to  continuous  longitudinal  members 

•  application  of  diagonal  members  to  continuous  longitudinal  members 

•  application  of  dextrous  grapple  fixtures  to  truss 
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•  cutoff  of  completed  truss 

•  manipulation  of  completed  truss  sections 

5.5.1  Manipulation  of  Storage/ Feed  Magazines.  Thirty-two  truss  member 
storage/feed  magazines  are  loaded  during  the  ASSET  salvage  operation  and  must  be 
moved  from  the  ASSET  facility  to  the  SEP.  The  storage/feed  magazines  are  equipped 
with  dextrous  grapple  fixtures  to  allow  the  SFP’s  servicing  system  to  grapple  them. 
The  truss  member  storage/feed  magazines  always  reside  in  the  same  location  in  the 
ASSET  facility.  Therefore,  a  pre-plaumed,  automated  operation  for  grappling  and 
maneuvering  them  into  place  on  the  SEP  is  envisioned. 

The  first  four  cross  and  longitudinal  storage/feed  magazines  are  attached  to  the 
SEP  truss  maker.  There  are  a  total  of  eight  diagonal  member  storage/feed  m2igazines. 
All  eight  of  these  magazines  are  required  by,  and  attached  to,  the  SEP  truss  maker. 
This  leaves  16  additional  truss  member  storage/feed  magazines,  eight  containing 
longitudinal  members  and  eight  containing  cross  members.  These  16  storage/feed 
magazines  are  maneuvered  one  at  a  time  to  their  storage  position  under  the  main 
integrated  truss  (see  Figure  5.7).  Storage  racks  for  the  specific  purpose  of  holding 
these  spare  storage/feed  magazines  are  built  into  the  underside  of  the  main  integrated 
truss.  Extra  storage  racks  are  built  into  the  underside  of  the  main  integrated  truss 
to  store  empty  storage/feed  magazines. 

5.3.2  Feeding  Longitudinal  T-Beams  from  Magazines.  The  truss  fabrica¬ 
tion  process  starts  when  four  longitudinal  T-beam  magazines  simultaneously  eject 
one  member  each  (see  Figure  5.8).  Longitudinal  members  are  made  available  when 
the  magazine  feed  belts  are  advanced  one  step.  This  delivers  one  longitudinal  mem¬ 
ber  into  position  for  ejection.  Once  in  position,  a  pusher  mechanism  guides  the 
member  out  of  the  magazine  to  waiting  drive  wheels.  The  pusher  then  returns  to  its 
starting  position  until  the  next  member  is  required  by  the  truss  maker. 
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Figure  5.7  Bottom  view  of  stored  truss  member  storage/feed  magazines.  Sixteen 
loaded  storage/feed  magazines  are  stored  below  the  main  integrated 
truss  until  needed  by  the  truss  maker.  Magazines  are  maneuvered  one 
at  a  time  to  their  storage  position  by  the  SFP’s  servicing  system. 


Figure  5.8  Side  view  of  the  SFP  longitudinal  member  storage/feed  magazine  (not 
to  scale).  Stepper  motors  in  the  magazine  shift  the  T-beam  members 
into  position  one  member  at  a  time.  Then  the  pusher  drives  the  T-beam 
out  of  the  magazine,  thus  feeding  the  SFP  truss  maker  longitudinal  truss 
members. 
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Figure  5.9  End  view  of  one  of  the  eight  SFP  truss  maker  drive  wheels.  The  drive 
wheels  push  the  truss  through  the  SFP  truss  making  process. 

5.3.3  Truss  Drive  and  Guide  Wheel  Mechanism.  There  are  four  SFP 
truss  maker  drive  sections.  Each  drive  section  contains  two  friction  drive  wheels  (see 
Figure  5.9)  and  eight  guide  wheels  (see  Figure  5.10).  The  drive  wheels  provide  the 
necessary  force  to  push  the  truss  through  the  truss  maker.  The  guide  wheels  provide 
support  and  guidance  for  the  truss  as  it  moves  through  the  truss  maker.  The  drive 
sections  are  located  at  the  end  of  the  SFP  truss  maker  where  the  longitudinal  truss 
members  are  fed  by  their  storage/feed  magazines. 

When  a  longitudinal  member  is  fed  to  the  truss  maker,  it  is  engaged  by  the  first 
drive  wheel.  The  first  drive  wheel  pushes  the  longitudinal  member  until  it  is  engaged 
by  the  second  drive  wheel.  Both  drives  push  the  longitudinal  member  until  only  the 
second  drive  wheel  is  in  contact  with  the  longitudinal  truss  member  (see  Figure  5.11). 
When  this  occurs,  the  second  drive  wheel  stops  the  end  of  the  longitudinal  member 
when  it  is  centered  in  the  longitudinal  member  butt  welding  section. 

Next,  another  longitudinal  member  is  ejected  by  the  storage/feed  magazine. 
The  first  drive  wheel  engages  it  and  pushes  it  until  it  is  butted  against  the  previous 
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Figure  5.10  Top  view  of  drive  wheels  housed  in  the  SFP  truss  maker  drive  section. 

Drive  wheels  provide  the  necessary  force  to  push  the  truss  through 
the  truss  fabrication  process  while  guide  wheels  provide  support  euid 
guidance. 


FIRST  DRIVE  SECOND  DRIVE 


GUIDE  WHEELS  LONGITUDINAL  TRUSS 

MEMBER 


Figure  5.11  Side  view  of  the  SFP  drive  wheels  pushing  the  truss  through  the  SFP 
truss  making  process. 
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Figure  5.12  The  drive  wheels  push  the  longitudinal  truss  members  into  the  butt 
welding  section.  The  drive  wheels  stop  and  hold  the  longitudinal  mem¬ 
bers  during  the  welding  process. 

longitudinal  truss  member  still  being  held  by  the  second  drive  wheel  (see  Figure  5.12). 
The  process  just  described  occurs  simultaneously  at  all  four  tru  drive  sections.  The 
longitudinal  truss  members  are  now  in  position  for  the  butt  welding  process  described 
in  Section  5.3.4. 

After  butt  welding  is  accomplished,  the  drive  wheels  push  the  now  continuous 
longitudinal  members  into  position  for  cross  and  diagonal  member  attachment.  A 
new  set  of  guide  wheels  are  placed  to  allow  attachment  of  truss  cross  members 
without  interfering  with  the  process.  An  inside  set  of  guide  wheels  would  interfere 
with  cross  and  diagonal  member  attachment  and  is  therefore  eliminated.  The  outside 
guide  wheels  are  shaped  to  hold  the  longitudinal  truss  members  by  their  edges  (see 
Figure  5.13  and  5.14).  Pressure  applied  to  the  truss  by  the  outside  set  of  guide 
wheels  provides  support  for  the  truss  a.s  it  moves  through  the  truss  maker. 

5.3.4  Butt  Welding  of  T-Beams.  Laser  beam  weld  heads,  one  positioned 
over  the  butted  surfaces  and  another  positioned  to  the  side  of  the  butted  surfaces,  are 
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Figure  5.15  Top  view  of  one  of  the  truss  maker’s  drive  sections.  The  SFP  laser  beam 
welding  system  butt  welds  longitudinal  truss  members.  The  members 
are  driven  and  held  in  place  for  welding  by  eight  drive  wheels,  two  for 
each  longitudinal  SFP  truss  maker  drive  section. 


activated  when  the  drive  wheels  have  stopped.  The  weld  heads  move  orthogonally 
across  the  abutting  surfaces  until  a  weld  joint  is  formed.  The  weld  heads  are  attached 
to  the  truss  maker  laser  beam  welding  system  via  fiber  optic  cables.  The  fiber  optic 
cables  are  laced  inside  the  SFP  truss  maker  framework  to  avoid  possible  interference 
problems  cables  on  the  outside  of  the  truss  maker  might  pose.  Laser  beam  weld 
heads  are  attached  to  the  ends  of  the  fiber  optic  cables  which  exit  the  truss  maker 
framework  at  the  weld  head  locations  (see  Figure  5.15).  The  welding  system  used 
by  the  SFP  truss  maker  applies  multiplexing  laser  beam  technology  described  in 
Section  11.7.  The  laser  beam  welding  system  is  located  at  the  end  of  the  truss 
maker  (see  Figure  5.6).  Welding  is  accomplished  in  a  sequential,  as  opposed  to 
simultaneous,  manner.  This  means  that  no  two  weld  heads  ever  operate  at  the  same 
time.  This  versatile,  multiplexing  feature  of  the  welding  system  keeps  the  truss 
maker  power  requirements  low.  The  truss  maker  requires  a  maximum  of  7  kW  of 
power  —  5  kW  for  the  laser  beam  welding  system  and  2  kW  reserved  for  truss  maker 
command  and  control. 
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Figure  5.16  Side  view  of  the  2  m  extrusions  on  SFP  fabricated  trusses. 


5.3.5  Application  of  Cross  Members.  The  first  longitudinal  truss  mem¬ 
bers  Me  driven  approximately  2  m  beyond  the  cross  member  storage  feed  maga¬ 
zines.  By  driving  the  members  beyond  this  first  cross  member  attachment  point, 
four  longitudinal  extrusions  are  created  (see  Figure  5.16).  The  extruded  ends  of  the 
finished  truss  are  intended  for  customer  application  of  terminating  quadpods  (see 
Figure  5.17).  Qucidpods  provide  the  desirable  capability  of  centroidaJ  connecting 
joints.  Centroidal  truss  attachments  are  preferred  over  other  types  of  truss  joining, 
such  as  truss  overlap,  because  of  the  avoidance  of  eccentric  loads  at  the  joints  (10:15). 
However,  centroidal  attachments  are  only  one  possible  technique  for  joining  trusses 
in  space. 

With  the  longitudinal  members  properly  positioned,  cross  member  storage/feed 
magazines  (see  Figure  5.18)  advance  the  magazine  feed  belts  one  step.  Awaiting 
cross  member  graspers  receive  the  cross  members  from  the  magazines  (see  Fig¬ 
ure  5.19).  The  grasping  operation  is  performed  via  a  scissors-type  clamp  driven 
by  redundant  hold  drive  motors  similar  to  the  one  used  by  the  General  Dynamics 
truss  maker  (12:2.130)  (see  Figure  5.20).  Sensing  the  gr«isped  cross  member,  the 
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Figure  5.17  Conceptual  drawing  of  truss  terminating  quadpods.  Quadpods  are  not 
the  only  truss  joining  technique  but  they  do  avoid  eccentric  loads  at 
joints  while  some  other  joining  techniques  do  not  (10;15). 
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Figure  5.18  End  view  of  the  cross  member  storage/feed  magazine.  The  cross  mem¬ 
ber  magazine  feeds  1.035  m  long  T-beam  members  to  awaiting  cross 
member  graspers. 
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Figure  5. 19  End  view  of  the  cross  member  storage/feed  magazines  providing  a  cross 
member  for  each  cross  member  grasper. 


Figure  5.20  Finger  mechanisms  are  used  to  greisp  members  as  they  are  fed  from 
storage  magazines. 
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Figure  5.21  The  SFP  cross  member  graspers  grasp,  translate,  ajid  hold  members 
while  welding  occurs. 

grasper  drive  is  activated  causing  the  grasper  arm  aud  grasped  cross  member  to 
translate  inward  toward  the  continuous  longitudin2d  members. 

Grasper  system  vibrations  are  damped  out  by  stabilizers  attached  to  the  grasper 
system.  Wheels  are  fixed  to  the  ends  of  the  stabilizers  and  ride  against  the  inside  of 
the  longitudinal  members  (see  Figure  5.19).  The  stabilizers  are  required  to  prevent 
misalignment  of  truss  members  during  the  grasping  and  welding  process. 

When  the  cross  members  are  in  proper  welding  position,  the  laser  beam  weld 
heads  move  into  position  (see  Figure  5.21).  The  cross  member  storage/feed  maga¬ 
zines  are  set  back  10  cm  from  the  truss  mciker  to  allow  the  laser  beam  weld  heads 
access.  Finally,  the  weld  sequence  is  activated  and  the  cross  members  are  sequentially 
welded  to  the  longitudinal  members. 

5.3.6  Application  of  Diagonal  Members.  Diagonal  members  are  fed, 
grasped,  positioned,  and  welded  to  the  longitudinal  truss  members  via  a  process 
similar  to  that  of  the  vertical  truss  cross  members.  However,  the  diagonal  truss 
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Figure  5.22  Side  view  of  a  diagonal  truss  member  being  held  in  position  by  graspers. 

The  two  grasping  devices  provide  diagonal  member  stability  during  the 
welding  process. 

members  require  two  grasper  devices  for  their  grasping  system  (see  Figure  5.22). 
The  two  graspers  are  located  at  both  ends  of  the  diagonal  storage/feed  magazine 
and  provide  stability  during  the  welding  process.  Two  crossed  diagonals  per  bay 
are  required  on  each  side  of  the  truss.  This  configuration  requires  two  separate 
stations  for  mounting  diagonal  members  to  prevent  interference  between  diagonals 
during  installation  (see  Figure  5.6).  The  crossed  uiagonals  are  attached  in  two  stages. 
First,  the  diagonal  storage/feed  magazine  releases  one  diagonal  member  to  awaiting 
graspers.  The  diagonal  member  is  held  in  place  by  the  two  graspers  and  welded  to 
the  longitudinal  truss  member.  The  truss  is  then  driven  one  bay  length  and  stopped. 
The  second  truss  diagonal  is  then  fed,  positioned,  and  welded  to  complete  one  truss 
bay.  The  completed  truss  bay  is  driven  unimpeded  out  the  end  of  the  SFP  truss 
maker  (see  Figure  5.6).  This  process  is  repeated  until  the  desired  length  truss  is 
completed  or  raw  material  is  exhausted. 
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Figure  5.23  Side  view  of  the  last  truss  bay  fabricated  before  the  cutoff  process. 

Longitudinal  extrusions  are  generated  by  cutting  through  the  middle 
of  the  bay.  The  extrusions  can  be  used  for  quadpod  application. 

An  exception  to  the  truss  diagonal  member  application  process  just  described, 
occurs  immediately  prior  to  the  truss  cutoff  process  described  in  Section  5.3.8.  The 
last  truss  bay  fabricated  before  the  truss  cutoff  process  is  created  with  no  diagonals 
(see  Figure  5.23).  By  creating  a  truss  bay  with  no  diagonals,  the  longitudinal  extru¬ 
sions  for  the  attachment  of  quadpods  can  be  formed  by  cutting  through  the  middle 
of  the  bay. 

5.5.7  Application  of  Dextrous  Grapple  Fixtures.  Before  the  truss  is  cut, 
at  least  two  dextrous  grapple  fixtures  are  attached  to  opposite  sides  of  the  completed 
truss  section.  More  dextrous  grapple  fixtures  can  be  attached  at  any  point  along  the 
truss  if  required 

The  grapple  fixtures,  minus  guide  posts,  are  stacked  in  their  own  storage  mag¬ 
azines.  Th  '  guide  posts  are  not  initially  attached  to  the  stored  grapple  fixtures.  This 
allows  compact  storage  of  the  grapple  fixtures  in  their  storage/feed  magazines.  The 
grapp.e  fixture  storage/feed  magazines  feed  the  devices  in  the  same  fashion  as  the 
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Figure  5.24  Side  view  of  the  truss  bay  with  the  dextrous  grapple  fixture  attached. 

The  SFP  servicing  system  grapples  the  grapple  fixture  prior  to  truss 
cutoff. 

other  SFP  storage/feed  magazines.  The  grapple  fixtures  are  fed  into  place  and  held 
against  the  outside  of  the  completed  truss.  Weld  heads  then  move  into  place  and 
weld  the  grapple  fixtures  to  the  longitudinal  members  of  the  truss  (see  Figure  5.24). 

Grapple  fixture  guide  posts  are  stored  in  an  upright  position  on  the  outside  of 
the  grapple  fixture  storage/feed  magazines.  The  guide  posts  are  detached  from  the 
storage/feed  magazines  and  attached  to  the  grapple  fixtures  by  the  grapple  fixture 
guide  post  removal  and  replacement  tool.  See  Section  8.2  for  a  description  of  SFP 
servicing  system  tools  available.  Once  the  dextrous  grapple  fixtures  are  firmly  fixed 
to  the  truss  and  the  guide  posts  have  been  attached,  the  SFP  servicing  system 
grapples  one  of  the  two  dextrous  grapple  fixtures  and  holds  the  truss  in  position  for 
cutoff. 

5.3.8  Cutoff  of  Completed  Truss.  Four  laser  beam  cutters  cut  the  finished 
truss  from  the  truss  still  being  fabricated  in  the  truss  maker.  The  laser  beam  cut 
heads  cut  the  truss  at  the  center  of  the  bay  with  no  diagonals.  This  produces  an 
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approximately  2  m  extrusion  on  both  the  truss  being  cut  and  the  truss  still  in  the 
truss  maker. 


The  four  laser  beam  cutters  begin  the  cutting  process  by  moving  orthogonally 
across  the  flange  of  the  longitudinal  member.  After  the  flange  has  been  cut,  the 
laser  beam  cut  heads  stop  cutting  and  move  around  to  the  side  of  the  longitudinal 
members.  The  ability  to  move  the  laser  beam  cutters  while  holding  the  workpiece 
in  this  fashion  is  one  of  the  advantages  of  laser  beam  technology  and  is  discussed 
in  Section  11.7.  After  this  rotationcd  movement,  the  laser  beam  cutters  are  now  in 
position  to  cut  orthogonally  across  the  web  of  the  longitudinal  members.  When  all 
four  longitudinal  members  have  been  cut,  the  SFP  servicing  system  maneuvers  the 
completed  truss  to  either  its  storage  position  or  the  docking  system  for  customer 
hand  off.  The  SFP  docking  system  is  described  in  Section  8.3.  The  truss  remaining 
the  truss  maker  is  the  beginning  of  the  next  truss  to  be  produced. 

5.3.9  Manipulation  of  Completed  Truss  Sections.  The  SFP  servicing 
system  grapples  one  of  the  two  dextrous  grappling  fixtures  attached  to  the  completed 
truss.  The  truss  is  then  moved  to  a  storage  rack  attached  to  the  orthogonal  integrated 
truss  (see  Figure  5.25).  The  truss  storage  racks  are  equipped  with  dextrous  latching 
devices  for  attachment  to  the  second  SFP  fabricated  truss  grapple  fixtures.  The 
SFP  servicing  system  maintains  a  positive  lock  on  its  truss  grapple  fixture  until 
the  storage  rack  mates  with  the  second  truss  dextrous  grapple  fixture.  Once  firmly 
secured  by  the  storage  rack,  the  servicing  system  releases  its  grapple  fixture.  The 
truss  remains  locked  parallel  to  the  storage  rack  until  it  is  required  by  an  end  user. 

When  a  truss  section  is  required,  the  SFP  servicing  system  grapples  a  free  truss 
dextrous  grapple  fixture.  Once  positive  lock  has  been  achieved,  the  truss  storage  rack 
releases  the  lock  on  its  grapple  fixture.  The  servicing  system  maneuvers  the  truss 
to  the  SFP  docking  system.  The  SFP  docking  system  mates  with  the  free  truss 
dextrous  grapple  fixture.  When  the  docking  system  has  positive  lock  on  the  truss. 
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Figure  5.25  End  view  of  SFP’s  orthogonal  truss  and  truss  storage  rack.  Completed 
truss  sections  are  maneuvered  to  their  storage  position  via  the  SFP’s 
servicing  system  which  grapples  one  of  the  two  truss  grapple  fixtures. 
Truss  sections  are  stored  parallel  to  the  orthogonal  integrated  truss. 
The  storage  rack  is  equipped  with  dextrous  latching  devices  for  mating 
with  the  second  truss  grapple  fixture. 
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the  SFP  servicing  system  releases  its  grapple  fixture.  Finally,  the  docking  system, 
in  conjunction  with  the  SFP’s  precision  standoff  capability,  hands  the  truss  section 
off  to  the  end  user. 
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VI.  Shielded  Coil  Electrodynamic  Propulsion 

6.  l  Introduction 

Recent  work  by  Spenny  and  Lawrence  (81)  and  by  Lawrence  (49)  has  shown 
electrodynamic  propulsion  to  be  a  possible  method  of  propulsion  for  large  space 
platforms.  This  design  study  applies  the  initial  work  done  by  Spenny  and  Lawrence  in 
this  area,  and  the  initial  work  done  by  Ladouceur  on  the  shielding  of  current-carrying 
conductors  (48),  to  develop  a  shielded  coil  electrodynamic  propulsion  system  for  a 
prototype  space  fabrication  platform  (SFP).  Electrodynamic  propulsion  relies  on  the 
interaction  of  a  current  through  a  wire  with  an  external  magnetic  field.  Depending 
on  the  configuration  of  the  wire  and  the  magnetic  field,  the  interaction  can  be  used 
to  generate  forces  and  torques.  These  forces  and  torques  can  be  used  for  propulsion 
and  attitude  control. 

An  iterative  design  approach  is  used  to  evaluate  and  modify  a  proposed  design 
configuration  to  achieve  an  SFP  capable  of  meeting  the  requirements  outlined  in 
Section  3.2.  The  iterative  design  approach  uses  vehicle  controllability  as  the  basis 
for  evaluating  a  proposed  design.  For  a  proposed  design,  a  linear  quadratic  regulator 
based  controller  is  developed.  This  controller  is  then  used  in  computer  simulations 
to  determine  the  forces  required  to  perform  specific  maneuvers.  From  these  forces 
the  vehicles  design  parameters,  such  as  current  carrying  capacity,  required  power, 
conductor  size,  etc.,  can  be  determined.  This  process  is  repeated  until  a  satisfactory 
design  is  developed.  Once  the  final  SFP  design  is  determined,  its  performance  can 
be  analyzed. 

Development  of  the  electrodynamic  propulsion  system  requires  the  combining 
of  a  number  of  basic  concepts  with  the  performance  specifications  to  achieve  a  sat¬ 
isfactory  platform  design.  The  next  -section  provides  a  discussion  of  these  concepts. 
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EQUINOX 

Figure  6.1  The  orbital  reference  frame  with  the  origin  translated  for  clarity  to  a 
point  on  the  orbit  path. 

6.2  Basic  Concepts 

Before  developing  the  shielded  coil  electrodynamic  propulsion  system  for  the 
SFP,  some  baaic  concepts  such  as  coordinate  systems,  forces  and  torques  due  to 
currents  in  magnetic  fields,  modeling  of  the  Earth’s  magnetic  field,  and  equations  of 
motion  for  the  SFP  must  be  discussed.  These  concepts  provide  the  foundation  for 
the  iterative  design  process  for  the  SFP. 

6.2.1  Coordinate  Systems.  Throughout  the  design  process,  a  number  of 
coordinate  systems  or  reference  frames  are  used.  For  satellites  orbiting  the  Earth,  a 
suitable  inertial  reference  frame  is  the  geocentric-equatorial  coordinate  system  —  the 
f-frame.  Another  inertial  coordinate  system,  the  Earth-centered  inertial  coordinate 
system  is  also  used  —  this  is  the  e-frame.  The  use  of  the  dipole  model  for  the  Earth’s 
magnetic  field  requires  the  use  of  the  Greenwich-equatorial  reference  frame  —  the 
frame.  An  orbital  reference  frame  (see  Figure  6.1)  —  the  a-frame  —  and  body- 
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centered  reference  frame  —  the  6-frame  —  are  required  to  describe  the  position  ajid 
orientation  of  the  SFP.  A  detailed  discussion,  as  well  as  diagrams  of  these  reference 
frames  is  contained  in  Appendix  C. 

6.2.2  Magnetic  Field  Generated  Forces  and  Torques.  One  of  the  objectix  es 
of  this  design  study  is  to  use  electrodynamic  propulsion.  Electrodynamic  propulsion 
relies  on  the  interaction  of  a  current  through  a  conductor  with  the  Earth’s  magnetic 
field  to  produce  forces.  In  order  to  understand  how  this  is  applied  to  the  SFP,  some 
basic  concepts  must  be  understood.  This  section  presents  the  background  of  how 
the  current/magnetic  field  interaction  works. 

6.2.2. 1  Force  Law.  A  charge,  qo,  moving  in  a  magnetic  field,  B  (or 
5-field),  will,  in  general,  experience  a  sideways  deflecting  force  that  causes  it  to  take 
a  spiral  path.  If  the  velocity,  v,  of  the  charge  and  the  force,  Fb,  are  determined  by 
observing  the  path,  the  magnitude  and  direction  of  B  can  be  derived  by  satisfying 
the  relation  (32:538-540); 

Fb  =  9oV  X  5  (6.1) 

For  direction  considerations,  the  cross  product  aissumes  the  right  hand  rule. 

A  current  can  be  thought  of  as  an  assembly  of  moving  charges.  Because  a 
magnetic  field  exerts  a  sideways  force  on  a  moving  charge,  it  will  also  exert  a  side¬ 
ways  force  on  a  conductor  carrying  a  current.  This  is  governed  by  the  equivalent 
expression: 

Fb  =  X  5  (6.2) 

where  i  is  the  current  ana  L  is  the  direction  and  length  of  the  conductor  (see  Fig¬ 
ure  6.2).  This  study  will  refer  to  Equation  6.2  as  the  force  law.  The  force  law  concept 
will  be  used  extensively  for  producing  thrust. 
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Figure  6.2  A  conductor  in  a  magnetic  field  with  a  current  flowing  through  it  ex¬ 
periences  a  force  normal  to  <^he  plane  made  by  the  conductor  and  the 
vector  direction  of  the  magnetic  field. 


6. 2. 2. 2  Two  Parallel  Conductors.  With  a  similar  derivation  method 
to  the  force  law,  it  can  be  shown  that  a  conductor  carrying  a  current  exerts  forces  on 
a  charge  a  distance,  r,  away  (32:557-559).  A  5-field,  obeying  the  right-hand  rule,  is 
created  by  the  conductor  and  has  the  magnitude: 


5  = 

2wr 


(6.3) 


where  /^o  is  the  free  space  permeability  constant: 


Ho  =  4ir  X  10"’^ 


tesla  •  m 

A 


The  units  of  B  are  tesla  (T),  where: 


1  r  =  1 


N 

A  ■  m 
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Figure  6.3  The  cross  section  of  a  fl-field  created  by  a  conductor  carrying  a  current. 

The  higher  concentration  of  circles  represents  higher  B-field  magnitude. 


Figure  6.4  Two  parallel  conductors  with  currents  in  the  same  direction.  Forces  are 
generated  that  cause  the  conductors  to  attract. 

Experiments  have  shown  the  5-field  created  by  a  conductor  resembles  Figure  6.3  in 
direction  and  magnitude.  The  higher  magnitude  of  the  5-field  is  associated  with  the 
higher  concentration  of  circles. 

Experiments  have  also  shown  that  two  parallel  conductors  will  exert  forces  on 
each  other.  This  can  be  seen  by  using  Equation  6.3  to  determine  the  5-field  created 
by  one  conductor  at  the  distance  between  the  conductors  and  then  using  the  force 
law  (Equation  6.2)  to  determine  the  force  (due  to  the  generated  5-field)  experienced 
by  the  other  conductor.  Figure  6.4  provides  a  graphic  example.  Since  the  same 
situation  occurs  for  the  first  conductor  due  to  the  second,  conductors  with  currents 


F 


Figure  6.5 


A  continuous  conducting  current  loop  orthogonal  to  the  B-field  (going 
into  the  page)  will  experiences  forces  directed  outward. 


in  the  same  direction  attract  and  conductors  with  currents  in  the  opposite  directions 
repel. 


6. 2.2.3  Conductor  Loops.  A  closed  conductor  loop  in  an  external 
5-field  with  a  current  flowing  through  it  also  experience  forces  governed  by  the 
force  law  (32:541-543).  Figure  6.5  shows  a  rectangular  conductor  loop  orthogonal 
to  an  external  5-field.  The  5-field  vector  is  directed  into  the  page.  The  conductors 
parallel  to  each  other  have  currents  in  opposite  directions  and  repel  each  other  to 
create  hoop  tension  which  tries  to  open  the  loop.  In  addition  to  the  repelling  forces, 
outward  forces  generated  by  the  influence  of  the  external  5-field  and  defined  by  the 
force  law  exist.  If  the  loop  is  displaced  as  in  Figure  6.6,  the  outward  forces  are  off  the 
line  of  action  and  create  a  net  torque  which  rotates  the  loop  back  to  an  orthogonal 
position.  Notice  that  all  the  forces  concerned  are  equal  and  opposite.  The  loop  does 
not  experience  any  translation.  These  attributes  apply  to  circular  conductor  loops 
cis  well,  and  lend  themselves  to  attitude  control  applications. 
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B 


Figure  6.6 


The  forces  experienced  by  a  continuous  current  loop  in  a  B-field  create 
a  torque  that  drives  the  loop  to  a  position  orthogonal  to  the  field. 


Another  desirable  aspect  of  multiple  conducting  loops  is  that  they  can  be  coiled. 
Every  turn,  n,  of  the  coil  will  experience  the  same  forces  cis  previously  described. 
This  effectively  increases  the  forces  and  torques  involved  by  a  factor  of  n  without 
increasing  i.  This  allows  a  large  single  loop  to  be  collapsed  into  a  small  coiled  loop 
which  can  help  reduce  support  structure  mass  and  size.  The  torque  discussed  above 
can  be  calculated  from 

r  =  niA  x  B  (6-4) 

where  A  is  area  of  the  loop  and  the  vector  direction  is  defined  along  the  normal 
of  the  area,  in  the  direction  of  the  current  flow.  Electric  motors  function  on  this 
basic  operating  principle  (32:542).  The  use  of  conductor  loops  and  coils  for  attitude 
control  and  performance  enhancement  will  be  incorporated  into  the  SEP. 


6. 2.2. 4  Shielding.  Producing  thrust  with  the  force  law  (Equation  6.2) 
can  theoretically  be  accomplished  in  two  ways.  One  way  is  to  drive  current  through  a 
conductor  and  into  the  ionosphere  via  plasma  contactors  at  both  ends  (63:120-121). 
This  conceptually  treats  the  entire  conductor/ionosphere  combination  as  a  closed 
circuit  (see  Figure  6.7).  In  June  1993,  an  experiment  performed  from  a  Delta  II 
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Figure  6.7  An  electrodynamic  tether  with  plasma  contactors  for  creating  a  closed 
circuit  with  the  ionosphere  (63). 
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Figure  6.8  A  continuous  conductor  loop  with  a  portion  shielded. 

launch  measured  a  current  on  a  tether  using  plasma  contactors  to  close  the  electrical 
circuit  through  the  ionosphere  (25:3). 

Another  potential  method  is  to  shield  a  portion  of  a  continuous  conductor 
loop.  Theoretically,  the  current  inside  the  shielded  portion  of  the  conductor  loop 
would  be  unable  to  interT,ct  with  both  the  S-field  of  the  Earth  and  the  B-field  of  the 
unshielded  portion.  Torque  would  be  eliminated,  and  the  current  in  the  unshielded 
portion  would  produce  translational  thrust  (see  Figure  6.8).  Thrust,  Fb,  produced 
by  the  unshielded  portion  of  the  conductor  could  be  increased  by  simply  increasing 
the  number  of  turns,  n,  in  the  conductor  loop  as  described  in  Section  6. 2. 2. 3.  The 
original  force  equation  would  become: 

Fb  =  niL  X  B  (6-5) 

Notice  that  thrust  can  be  increased  by  increasing  n  without  increasing  L  or  i. 
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Figure  6.9  The  effects  of  a  high  magnetic  flux  permeability  shell  on  an  external 
fi-field  (53). 

In  addition  to  the  thrust  advamtages,  shielded  conductor  loops  would  not  rely 
on  the  ionosphere  to  complete  the  circuit.  As  mentioned,  plasma  contactor  devices 
are  used  to  close  the  electrical  circuit  of  the  previously  proposed  electrodynamic 
syste:a.  The  resistance  of  this  configuration  has  been  estimated  to  be  as  high  as  20 
ohms  {Cl)  (63).  This  high  resistance  requires  that  a  large  power  system  be  used.  With 
conductor  loops,  the  use  of  shielding  allows  closed  electrical  circuits  to  be  on-board 
the  platform,  rather  than  closing  them  through  the  ionosphere.  This  makes  plasma 
contactors  unnecessary,  and  the  only  resistance  would  be  internal  to  the  closed  circuit 
itself.  Research  on  magnetic  shielding  for  this  application  is  on-going  (48). 

Conceptually,  magnetic  shielding  is  simple.  A  ferromagnetic  material  of  high 
magnetic  flux  permeability  is  made  into  a  shell  (a  cylindrical  shell  for  this  application) 
which  surrounds  part  of  the  conductor.  In  a  .B-field,  most  of  the  magnetic  flux  is 
concentrated  in  the  shell,  thus  reducing  its  interaction  with  the  current  flowing  in 
the  shielded  conductor  (53:67-68).  Figure  6.9  shows  a  cylindrical  shell  in  a  5-field. 
It  is  important  to  realize  that  a  5-field  generated  by  the  current  in  the  conductor 
is  concentrated  in  the  shell  as  well.  In  (48),  it  is  shown  that  the  shield  is  only 
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Figure  6.10  The  dipole  axis  is  offset  11.5“  —  Nq  is  the  geographic  north  pole  and 
Nm  is  the  magnetic  north  pole. 

subjected  to  a  small  torque  in  the  force  shielding  process.  An  in-depth  review  of 
shielding  theories  and  properties  can  be  found  in  (48),  (53),  and  (54). 

6.2.3  Earth’s  Magnetic  Dipole  Model.  As  a  first  approximation,  the 
Earth’s  magnetic  field,  B,  can  be  modeled  as  a  dipole;  the  model  is  that  of  a  sphere 
uniformly  magnetized  along  the  direction  of  the  dipole  axis  (see  Figure  6.10). 

The  simple  dipole  model  for  the  Earth  is  a  field  centered  around  the  dipole 
axis  which  cuts  the  Earth’s  surface  at  the  austral  (south)  dipole  pole,  located  at 
78.5“  S-lll“  E,  and  the  boreal  (north)  dipole  pole  78.5“N-69°W;  this  orientation 
yields  the  smallest  cumulative  error  between  the  Earth-centered  dipole  model  and 
the  actual  magnetic  field  (84:33).  As  can  be  seen  from  the  location  of  the  magnetic 
poles,  the  axis  of  the  dipole  model  does  not  coincide  with  the  Earth’s  rotation  axis, 
the  displacement  angle  being  11.5°. 

While  not  used  for  this  study,  spherical  harmonic  analysis  has  been  used  to 
develop  a  more  accurate  mathematical  model  for  the  magnetic  field.  The  more 
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accurate  model  ha*  been  used  to  define  the  eccentric  dipole  model.  The  origin  of 
the  eccentric  dipole  model  results  from  displacing  the  origin  of  the  centered  dipole 
model  342  km  in  the  direction  of  6.5°N-161.8“E.  This  changes  the  coordinates  of  the 
austral  dipole  pole  to  76.2°S-120.9°E  and  the  boreal  dipole  pole  80.0°N-82.8°W.  The 
error  of  this  dipole  model  is  only  about  ten  percent  (84:36). 

The  geomagnetic  field,  up  to  an  altitude  of  2,000  km,  may  be  represented  by 
the  gradient  of  a  scalar  magnetic  potential  (77:2-21)  —  this  is  the  simple  dipole 
model  for  the  Earth.  The  field  is  then  defined  as 


B  =  -S7V 


(6.6) 


where  V  is  the  scalar  magnetic  potential.  V,  is  defined  as 


V  = 


M  •  r 

r3 


(6.7) 


where  M  is  the  vector  magnetic  moment,  f  is  the  vector  distance  from  the  center  of 
the  dipole,  and  r  is  the  magnitude  of  r.  The  form  of  this  relation,  derived  in  detail 
in  Appendix  D,  is  given  as: 

—  M 

B  =  —  [2miar  ~  m2ag  -  msaz]  (6.8) 

To 

where: 


mi  =  C$0  (^^  —  03  ~  ^o)  —  (fl  —  00  —  Ao)]  +  S^qSI/SI 

m2  =  C$0  [—si/c{Q,  —  Qg  —  Ao)  —  ci/ds  (0  —  0g  —  Ao)]  +  s^oci/si 


ms 


To 


c$osfs  (fl  —  0g  —  Ao)  +  s$ocf 
a{\  —  e)  . 

■j  j  Or 

1  -f  e  cos  u 
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and 


c  =  cos 

s  =  sir 

M  =3.  magnitude  of  the  magnetic  dipole 
^0  =  latitude  of  the  dipole  model’s  austral  pole 

Ao  =  longitude  of  the  dipole  model’s  austral  pole 

and  from  Appendix  C 

1/  =  true  anomaly  along  orbit  path 

=  right  ascension  of  the  <iscending  node 
Qg  =  Greenwich  sidereal  time 

i  =  orbit  plane  inclination 

a  =  semi-major  axis  of  an  elliptic  orbit 

re  =  eccentricity  of  a  conic  orbit 

It  is  important  to  note  that  all  three  elements  of  B  are  nonlinear  and  time-variant. 
Since  the  Earth’s  magnetic  field  is  fixed  with  respect  to  the  Earth,  the  field  expressed 
in  the  orbital  reference  frame  varies  proportionately  to  the  Earth’s  rotation  rate;  this 
is  seen  by  the  presence  of  in  mi,  m2,  and  m3  in  terms  of  Equation  6.8.  The  time 
variance  is  compounded  by  changes  occurring  at  orbit  rate  as  well.  The  presence 
of  1/  in  the  mi  and  m2  terms  indicates  these  terms  vary  at  orbit  velocity  as  well. 
Finally,  there  is  a  constant  term  in  m3,  which  accounts  for  the  average  north/south 
orientation  of  B.  While  the  time  variance  makes  analysis  more  complex,  it  also  al¬ 
lows  for  the  Earth’s  magnetic  field  to  be  used  to  change  all  six  of  the  classic  orbit 
elements  (63:168-169). 

6.2.4  Modeled  Forces  and  Torques.  The  iterative  design  process  used  in 
this  study  uses  a  dynamics  model  of  the  SFP  to  determine  the  platform’s  design  pa¬ 
rameters.  This  requires  the  development  of  a  dynamics  model  that  is  simple  enough 
to  be  solved,  yet  contains  enough  fidelity  so  as  to  provide  meaningful  information. 
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With  this  in  mind,  it  is  important  to  consider  what  forces  and  torques  act  on  an 
orbiting  satellite. 


6.2.4- 1  Modeled  Forces.  A  number  of  external  forces  can  act  on  an 
orbital  vehicle.  Among  these  forces  are  gravity,  aerodynamic  drag,  magnetic  field 
effects,  non-spherical  Earth  effects,  radiation  pressure,  meteoroidal  impacts,  and  non 
environmental  forces,  such  as  mass  expulsion;  however,  this  list  is  not  exhaustive. 
For  the  purposes  of  this  study,  the  only  external  forces  that  will  be  included  are 
gravity,  aerodynamic  drag,  and  magnetic  field  effects.  Gravity  and  aerodynamic 
drag  are  environmental  forces  to  be  overcome,  while  the  magnetic  field  effects  are 
used  for  propulsion. 

The  force  of  gravity  is  described  by  (93:24): 


—  Gmim2_ 

F,  = - — r 


GMqMioI. 


(6.9) 


where  G  is  the  universal  gravitational  constant,  is  the  mass  of  the  Earth,  Mtot 
is  the  mass  of  the  SEP,  f  is  the  position  vector  of  the  SEP  relative  to  the  Earth,  and 
r  is  the  magnitude  of  r. 

The  force  due  to  aerodynamic  drag  is  given  by: 

Fi  =  (6.10) 

where 

p  =  the  atmospheric  density 

Vr  =  the  velocity  of  the  SEP  relative  to  the  atmosphere 

K  =  the  magnitude  of  Vr 

(3  =  the  ballistic  coefficient  (94:65) 

While,  the  magnitude  of  the  aerodynamic  drag  force  is  negligible  compared  to  the 
force  due  to  gravity,  and  is  therefore  not  expected  to  significantly  affect  the  gross 
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motion  of  the  SFP  in  the  short  term,  relative  to  the  forces  produced  by  the  propulsion 
system,  aerodynamic  drag  is  significant,  and  cannot  be  neglected. 


6. 2. 4-2  Modeled  Torques.  A  number  of  external  forces  can  contribute 
to  the  total  external  torque  acting  on  an  orbiting  vehicle.  As  before,  gravity,  aero¬ 
dynamic  drag,  magnetic  field  effects,  and  non-environmental  forces  can  all  apply 
torques  to  an  orbiting  vehicle.  It  is  reasonable  to  expect  that  if  the  aerodynamic 
drag  force  is  strong  enough  to  be  considered  in  the  relative  translational  equations  of 
motion,  it  should  be  included  in  the  relative  rotational  equations  as  well.  However, 
the  SFP’s  configuration  shown  in  Figure  3.1  is  symmetric  across  the  616^  plane.  The 
majority  of  the  prerented  area  of  the  SFP  is  a  result  of  the  solar  dynamic  power 
modules  and  the  ASSET  photovoltaic  arrays.  Because  of  symmetry  and  the  fact 
that  the  62-axis  is  essentially  aligned  with  the  velocity  vector,  the  aerodynamic  drag 
is  assumed  to  cause  no  torque  about  the  61-axis  in  this  orientation.  The  remainder 
of  the  area  is  small  and  near  the  center  of  mass;  it  is  assumed  that  the  drag  torque 
generated  by  this  area  is  negligible.  It  is  also  assumed  that  there  are  no  drag  effects 
due  to  assymetries  in  component  drag  coefficients.  The  result  is  that  aerodynamic 
drag  effects  are  negligible  in  the  relative  rotational  equations  of  motion,  and  for 
the  purposes  of  this  study,  gravity  and  magnetic  field  effects  will  be  the  only  forces 
included  in  the  analysis. 

An  examination  of  Equation  6.9  shows  the  force  due  to  gravity  changes  with 
the  distance  between  the  two  bodies.  This  change  can  generate  a  torque  on  an 
orbiting  vehicle,  in  this  case  the  SFP.  Assuming  the  SFP’s  principal  body  axes  are 
aligned  with  the  ^frame  axes,  the  approximate  component  gravitational  torques  are 
given  by  Wiesel  (93:146-147)  as: 


R2R3  {C  -B)bi  +  Ri  R3  {A  -C)k  +  R1R2  {B  -  A)  62 


(6.11) 
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where  R2,  and  R3  are  the  components  of  r  expressed  in  the  6- frame,  and  A, 
B,  and  C  are  the  principal  moments  of  inertia  of  the  vehicle  in  the  61,  62,  and  63 
directions  respectively. 

6. 2. 4-3  Unforced  Relative  Equations  of  Motion.  Six  equations  of 
motion  are  required  to  completely  des'^ribe  the  position  and  orientation  of  the  SFP. 
Since  the  iterative  design  process  chosen  for  this  study  requires  the  dynamics  model 
to  be  expressed  as  a  system  of  linear,  first-order,  differential  equations,  a  number  of 
assumptions  and  linearizations  must  be  incorporated  into  the  equations  of  motion. 
They  include: 

•  assume  the  SFP  is  a  rigid  body 

•  assume  the  true  anomaly  rate  of  change  is  constant 

•  neglect  other  than  first  order  terms  in  the  relative  position  aixd  velocity  com¬ 
ponents 

•  assume  the  atmosphere  is  fixed  to  the  earth  and  can  be  described  by  an  expo¬ 
nential  model 

•  assume  small  angle  approximations  for  yaw,  roll,  and  pitch 

Three  of  the  six  equations  of  motion  are  translational  equations.  They  describe 
the  movement  of  the  SFP’s  center  of  mass  relative  to  the  inertial  reference  frame. 
While  the  equations  of  motion  must  be  derived  relative  to  the  inertial  frame,  it  is 
convenient  to  express  them  in  the  orbital  reference  frame  shown  in  Figure  6.1.  The 
three  translation  directions  are  the  dr,  dg,  and  the  dz  directions.  Assuming  the  SFP 
is  a  rigid  body  (see  Appendix  E),  the  translational  equations  of  motion  are  derived 
from  the  form  of  Newton’s  second  law: 

F  =  Mtota  (6.12) 
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where  F  is  the  sum  of  all  external  forces  acting  on  the  SFP,  Mtot  is  the  total  mass  of 
the  SFP,  and  a  is  the  acceleration  of  the  SFP  with  respect  to  inertial  space  (52:406- 
408).  In  deriving  the  expression  of  Equation  6.12  for  the  SFP,  the  vehicle’s  center  of 
mass  (i.e.  the  origin  of  the  6- frame)  will  actually  be  a  small  distance  away  from  the 
orbital  reference  point  in  the  d-frame.  For  the  scope  of  this  study,  the  reference  point 
is  assumed  to  be  in  a  circular  orbit.  This  allows  for  the  development  of  the  relative 
equations  of  motion  for  the  SFP  in  the  vicinity  of  a  point  in  a  circular  reference 
orbit. 

The  remaining  three  equations  of  motion  are  the  rotational  equations.  They 
describe  the  rotation  of  the  body  about  tue  center  of  mass.  The  rotational  equations 
of  motion  can  be  found  by  equating  the  sum  of  the  applied  torques,  M,  to  the  rate 
of  change  of  the  angular  momentum,  H  (93:109).  Thus,  with  respect  to  the  inertial 
frame, 

M  ==  t  (6.13) 

Assuming  the  SFP  is  a  rigid  body,  the  angular  momentum  is  defined  by 

H  iiD  (6.14) 

and  can  be  used  if  the  reference  frame  is  attached  to  the  body,  thus  making  the  mass 
moment  of  inertia  tensor,  /,  a  constant.  However,  the  time  derivative  required  in 
Equation  6.13  must  be  taken  with  respect  to  the  inertial  frame.  Thus,  Equation  6.13 
can  then  be  expressed  as: 


‘M  =  X  /V’  (6.15) 

where  -l-Wcfts  is  the  angular  velocity  of  the  body  frame  with  respect 

to  the  inertial  frame.  Aligning  the  ^frame  with  the  SFP’s  principal  axes  results  in 


6-17 


a  diagonal  moment  of  inertia  matrix 


A  0  0 
/  =  0  5  0 

0  0  C 

Solving  Equation  6.15  for  the  individual  elements  gives  the  standard  Euler’s  equa¬ 
tions  (35:95) 

bi  :  Au)a  -f  (C  —  B)u)kU}c  =  ^M\  (6.16) 

^  :  BCjb  +  {A  -  C)u)a^c  =  (6.17) 

63 :  CCjc  +  (5  —  (6.18) 

These  are  coupled,  nonlinear,  first  order  differential  equations. 

Equations  6.16  -  6.18  can  be  used  to  derive  the  last  three  equations  of  motion 
in  terms  of  the  yaw,  pitch,  and  roll  of  the  ^frame.  Thus,  the  angular  velocity  of  the 

A  A 

6-frame,  with  respect  to  the  f-frame,  must  be  defined  in  terms  of  6,  and  (f>. 

By  developing  expressions  for  the  linear  and  angular  accelerations  due  to  grav¬ 
ity  and  aerodynamic  drag,  and  substituting  the  results  into  Equations  6.12  and  6.16  - 
6.18,  the  dynamics  model  used  for  this  study  can  be  found.  This  process  is  described 
in  detail  in  Appendix  F.  The  process  results  in  six  equations  of  motion,  given  by: 


6r  —  K6r  —  2nroSi/  —  3n^6r  -}-  KSurgBu  -|- 

=  0 

(6.19) 

roSv  -H  2n8r  -|-  KvoSi/  —  KSuSr  —  Ku:i6z  —  K8u>ro 

=  0 

(6,20) 

6z  —  K8z  —  Kijj28r  Ku}\ro8u  -t-  n^8z  — 

=  0 

(6.21) 

A^  n{C  -  B  -  A)  ^  +  n'^  {C  -  B)rP 

=  0 

(6.22) 

B^  +  n{A  +  B  C)iP  +  An^{C  A)  <f>  +  ~ 

To 

=  0 

(6.23) 

Ce  ^”^6r-f-3n2(5  A)  9  ~ 

^  f'o  I'd 

=  0 

(6.24) 
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completely  describe  the  position  and  orientation  of  the  SFP,  in  the  neighborhood  of 
the  reference  point,  for  small  yaw,  pitch,  and  roll  angles  when  no  forcing  functions 
are  applied  (such  as  the  propulsion/control  system). 


6. 2. 4. 4  Steady  State  Equations  of  Motion.  The  primary  use  of  the 
relative  equations  of  motion  is  to  design  a  controller  to  perform  steady  state  tracking 
relative  to  a  reference  point.  The  controller  design  is  then  used  to  determine  specific 
design  parameters  for  the  SFP.  Some  insight  into  the  platform’s  required  capabilities 
can  be  gained  by  considering  the  relative  equations  of  motion  under  steady  state 
conditions.  Under  steady  state  conditions: 

8r  =  6f  =  roSv  =  roSv  =  Sz  =  Sz  =  0 
=  =  ^  —  ^=0  =  6  =  0 


Substituting  these  values  into  Equations  6.19  -  6.24  gives: 

Fsr„  =  Mtot  [— 3n*^r  +  KSuirgSv  +  Kuj2Sz^  (6.25) 

Fr„6u„  =  Mtot  [—KSijjSr  —  KuiSz  -  K6u)ro]  (6.26) 

Fsz„  =  Mtot  +  K{jj\ro8v  +  n^8z  —  /('u;2ro]  (6.27) 

M^„  =  A[n\C-B)^]  (6.28) 

=  B  ^n'^{C  -  ~  ^^8z  (6.29) 

Me,.  =  C  3n^  {B- A)  9-  3n"  ~  (6.30) 

ro 


A  few  conclusions  can  be  drawn  from  these  equations.  First,  excluding  drag  effects, 
a  standoff  in  the  radial  direction  requires  three  times  as  much  force  as  a  standoff 
of  the  same  distance  in  the  out-of-plane  direction;  a  standoff  along  the  orbit  path 
requires  no  force  (when  drag  is  excluded).  Second,  drag  effects  require  steady  forces 
be  applied  in  both  the  path  and  out-of-plane  directions  to  stay  at  a  fixed  point,  even 
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if  the  SFP  is  at  the  reference  radius.  Steady  state  forces  are  required  in  the  radial 
direction  only  if  the  SFP  is  not  at  the  reference  radirs.  If  the  SFP  is  not  at  the 
reference  radius,  the  steady  state  forces  are  required  due  to  the  vector  component  of 
the  drag  force  that  is  tangent  to  the  orbit  path  at  the  SFP’s  center  of  mass.  Third, 
steady  state  moments  are  required  to  hold  a  yaw,  roll,  and/or  pitch  attitude.  If  the 
SFP  is  standing  off  along  the  orbit  path  or  out-of-plane,  steady  state  moments  are 
required  to  maintain  any  fixed  attitude. 

6.3  Platform  Design  Process 

6.3.1  Introduction.  The  this  study  uses  an  iterative  design  process  to 
develop  a  satisfactory  design  for  the  SFP.  The  process  takes  a  proposed  design, 
develops  a  dynamics  model  for  that  design,  and  then  uses  a  linear  system  based 
controller  to  determine  specific  design  parameters.  Once  a  satisfactory  design  is 
obtained,  the  controller  is  used  to  help  evaluate  the  design’s  performance. 

6.3.S  The  Iterative  Design  Process.  The  first  step  in  the  iterative  design 
process  (see  Figure  6.11)  is  to  propose  a  general  design  for  the  SFP.  This  consists  of 
determining  the  number  of  translation  control  conductor  elements  and  the  number 
of  attitude  control  conductor  elements.  The  specific  configuration  of  these  elements 
must  also  be  specified. 

Once  the  propos'  d  design  is  specified,  forcing  functions  for  the  equations  of 
motion  (Equations  6.19  -  6.24)  must  be  developed.  These  forcing  functions  axe 
incorporated  into  the  equations  of  :iotion,  which  are  then  formed  into  a  linear  sys¬ 
tem  of  first-order  differential  equations.  These  equations  are  incorporated  into  a 
MATLAB  (65)  program  (see  Section  G.l).  This  program  —  the  time-history  de¬ 
sign  program  —  is  used  to  design  a  linear  quadratic  regulator  based  controller.  In 
the  program  (see  Figure  6.12  for  a  diagram  of  th^  progran/s  flow),  specific  design 
parameters,  such  as  vehicle  pay*'  !  .  individual  conductor  lengths,  number  of  turns 
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igure  b.ll  Ihe  iterative  design  process  now  begins  with  a  proposed  design, 
evaluates  its  stability,  and  provides  data  used  to  determine  design 
parameters. 
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igure  0.12  Ihe  design  program  is  used  to  assess  a  proposed  design  s  stability  and 
performance  characteristics,  such  ;»s  total  power  required  and  individ¬ 
ual  conductor  current  load. 


on  an  individual  conductor,  the  individual  conductors  diameter,  and  the  thickness 
of  the  magnetic  shield  are  entered.  From  this  information,  the  program  calculates 
the  vehicle’s  mass  and  mass  moments  of  inertia.  This  information  is  then  used  to 
determine  the  coefficients  of  the  equations  of  motion.  The  user  enters  a  reference 
command  that  fixes  the  location  (altitude,  inclination,  and  right  ascension  of  the 
ascending  node  of  the  reference  orbit,  the  true  anomaly  of  the  reference  point,  the 
distance  between  the  SFP’s  center  of  mass,  and  the  reference  point)  and  attitude 
(the  angular  orientation  of  the  SFP  with  respect  to  the  orbital  reference  frame)  of 
the  SFP.  Using  this  reference  command  data,  the  program  derives  a  linear  quadratic 
regulator  based  controller  for  the  derived  equations  of  motion.  The  controller  is 
then  used  to  run  a  time-based  simulation.  The  simulation  is  used  to  assess  the  sta¬ 
bility,  over  time,  of  the  proposed  design.  If  the  design  is  determined  to  not  have  the 
stability  characteristics  desired,  the  process  is  repeated  with  a  new  proposed  design. 

Once  a  proposed  design  with  satisfactory  stability  characteristics  is  obtained, 
a  modified  version  of  the  time-history  design  program  —  orbit-history  design  pro¬ 
gram  —  is  used  to  determine  specific  design  parameters.  The  same  equations  of 
motion  are  used,  but  the  operation  of  the  program  is  changed  to  simulate  the  plat¬ 
form  moving  through  its  orbit.  The  same  controller  derivation  process  is  followed, 
but  the  controller  program  (see  Section  G.5)  is  called  iteratively  by  a  driver  program. 
Each  time  the  driver  calls  the  modified  controller  design  program,  a  new  reference 
position  is  passed  to  it.  The  design  program  then  passes  back  such  data  as  the  re¬ 
quired  power,  the  currents  in  the  control  elements,  and  conductor  core  temperatures 
(the  program  can  be  modified  to  pass  virtually  any  of  the  calculated  data  back  to  the 
driver  program  for  analysis).  By  calculating  the  changes  in  the  true  anomaly  and 
other  time  variant  parameters  that  affect  the  coefficients  of  the  equations  of  motion, 
this  iterative  process  can  be  used  to  approximate  the  movement  of  the  SFP  through 
its  orbit.  The  data  generated  by  this  process  can  be  used  to  assess  the  characteristics 
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for  the  proposed  design.  Any  changes  required  are  made  ^lnd  the  process  is  repeated 
until  an  acceptable  design  is  determined. 

After  an  acceptable  design  is  determined,  its  stability  is  rechecked.  If  the  de¬ 
sign  is  no  longer  stable,  the  process  is  started  all  over  «dter  any  necessary  changes  are 
made.  If  the  design  is  stable,  the  performance  of  the  proposed  design  is  evaluated 
using  the  orbit-history  design  program  and  the  orbital  transfer  analysis  program  (see 
Section  O).  The  programs  are  used  to  assess  such  performance  characteristics  as  total 
power  required,  individual  conductor  currents,  conductor  core  temperatures,  stand¬ 
off  capability,  payload  capability,  and  time-to-climb  (descend)  for  orbit  transfer.  If 
the  performance  characteristics  are  not  acceptable,  the  design  parameter  determina¬ 
tion  process  is  repeated  with  new  parameters.  The  overall  process  is  repeated  until 
an  acceptable  design  is  obtained.  Once  an  acceptable  design  is  obtained,  the  design 
process  is  complete. 

The  following  sections  review  the  iterative  design  process  for  the  final  design 
of  the  SFP.  The  process  begins  with  the  performance  requirements  levied  on  the 
platform  and  is  followed  through  to  the  final  design  of  the  SFP. 

6.3.3  Design  Constraints  and  Considerations.  Section  3.2  described 
a  number  of  feictors  which  influence  the  final  design  of  the  SFP’s  el«!ctrodynamic 
propulsion  system.  The  factors  to  be  satisfied,  or  that  constrain  the  design  in  some 
way,  are: 

•  a  maneuvering  system  that  utilizes  electrodynamic  propulsion  with  maximum 
power  requirement  of  77  kW  (of  the  82  kW  available)  and  a  maximum  con¬ 
ductor  core  temperature  of  438.0  °  C 

•  a  delivery  capability 

•  a  versatile  payload  capability  with  a  capacity  of  at  least  30,000  kg 
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Figure  6.13  i?-bar  is  defined  along  the  radial  direction,  V-bar  is  defined  along 
the  orbit  path  direction,  and  Z-bar  is  defined  along  the  out  of  plane 
direction. 

•  a  versatile  stand-off  capability  with  an  envelope  from  0  m  to  at  least  40  m 
around  the  reference  point,  at  inclinations  from  0°  to  28.5°,  and  at  altitudes 
from  300  km  to  500  km 

•  an  open  work  area  for  mission  ready  operations 

Since  the  controllability  of  the  SFP  is  used  to  determine  the  detailed  design  of 
the  platform,  the  factors  listed  above  must  be  incorporated  into  the  controllability 
analysis.  Since  these  are  very  general  requirements,  it  is  possible  that  a  number  of 
different  designs  could  meet  these  requirements.  To  limit  the  scope  of  the  search  for 
a  design  for  the  SFP  a  specific  maneuver  was  selected  to  be  used  as  the  performance 
characteristic  to  which  the  SFP  would  be  designed.  Because  of  the  high  demand 
on  the  performance  of  the  propulsion  system,  an  f?-bar  stand-off  maneuver  (see 
Figure  6.13)  was  selected  as  the  single  function  the  SFP  would  be  designed  to  perform 
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Figure  6.14  The  POTkV  consists  of  six  conductors;  four  closed  through  the  iono¬ 
sphere  via  plasma  contactor  devices  (shaded  circles),  and  two  on- 
vehicle  closed  circuit  loops. 

(see  Section  11.2).  To  begin  the  iterative  design  process,  a  conceptual  design  for 
performing  this  maneuver  is  needed. 

6.3.4  Conceptual  Design.  The  Spenny  and  Lawrence  propose  a  l2u-ge 
orbital  fabrication  platform  with  an  electrodynamic  propulsion  system  consisting  of 
six  conductors  (81:1-2).  Four  of  these  conductors  are  arranged  in  pairs  along  each  in¬ 
plane  axis  (see  Figure  6.14).  By  passing  independently  controlled  currents  through 
these  conductors,  they  are  used  to  generate  the  thrusting  forces  described  by 

FB=iTxB  (6.31) 

Each  of  these  straight  conductors  uses  plasma  contactor  devices  to  close  their  elec¬ 
trical  circuits  through  the  ionosphere.  The  other  two  conductors  are  closed  circuit 
loops.  These  loops  are  closed  on  the  vehicle  itself,  as  opposed  to  closing  them  through 
the  ionosphere  as  is  the  case  with  the  straight  conductors.  By  passing  independently 
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controlled  currents  through  them,  these  closed  conductor  loops  generate  attitude 
control  torques  as  described  by 


T  =  (niA)  X  B  (6.32) 

Even  though  the  conductors  can  be  operated  independently,  Spenny  and  Lawrence 
point  out  that  the  nature  of  Equation  6.31  precludes  using  electrodynamic  propulsion 
to  provide  thrust  control  parallel  to  the  B-field.  A  pair  of  opposing  electric  thrusters 
were  added  to  provide  the  necessary  thrust  capability.  The  study  also  indicates  that 
the  straight  conductors  must  be  used  for  pitch  control.  Equation  6.32  shows  that  a 
conductor  loop  could  not  be  used  for  pitch  control  since  the  torque  would  have  to 
be  parallel  to  B.  However,  pitch  can  be  controlled  by  differential  application  of  the 
straight  conductors. 

There  are  two  main  drawbacks  to  this  proposed  design.  The  first  is  the  required 
size  for  /2-bar  stand-off  (see  Figure  6.13).  The  sizes  analyzed  for  the  POTkV  range 
from  275  m  (with  a  current  of  500  A  and  a  stand-off  of  100  m),  to  1,700  m  (with 
a  current  of  125  A  and  a  stand-off  of  100  m).  With  conductors  of  these  lengths, 
the  rigidized  truss  requirement  becomes  difficult  to  achieve.  The  other  drawback 
is  power.  Because  of  the  closure  through  the  ionosphere  (estimated  to  be  1-20  fl), 
the  power  required  was  estimated  to  range  from  63  kW  to  1.25  MW.  Power  levels 
this  high  are  hard  to  achieve.  One  easy  way  to  reduce  the  power  is  to  make  the 
conductors  longer,  thus  reducing  the  resistive  power  loss.  However,  this  increases 
the  rigidized  truss  problem  described  above. 

The  basic  design  of  the  SFP  incorporates  much  of  Spenny  and  Lawrence’s  de¬ 
sign,  but  provides  some  solutions  to  its  problems.  The  Earth’s  magnetic  field  effects 
will  be  used  for  propulsion,  relying  on  the  application  of  Equations  6.31  and  6.32. 
Unlike  Spenny  and  Lawrence’s  design,  however,  partially  shielded  conductor  loops 
with  a  large  number  of  turns  as  suggested  in  Section  6. 2. 2.4,  will  take  the  place  of  the 
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long  straight  conductors  with  plasma  contactor  devices.  Five  such  conductors  will 
be  used  in  ti  e  SFP  for  translation  control.  The  single-turn  conductor  loops  Spenny 
uses  for  attitude  control  will  be  replaced  by  tightly  wound  coiled  conductors  with  a 
large  number  of  turns.  The  coiled  conductors  operate  under  the  principles  discussed 
in  Section  6. 2. 2. 3.  Five  such  tightly  wound  coils  will  be  used  on  the  SFP.  Since  it 
is  not  possible  to  generate  thrust  or  torque  parallel  to  B,  augmentation  thrusters 
are  used  to  provide  the  needed  thrust  capability,  and  split  straight  conductors  are 
used  to  provide  the  needed  torque  capability.  The  addition  of  the  two  extra  straight 
and  three  extra  coiled  conductors  are  to  insure  that  there  are  no  singularities  in  the 
attitude  control  of  the  SFP  and  to  preserve  the  symmetry  of  the  vehicle  as  much  as 
possible. 

In  order  to  satisfy  the  basic  propulsion  system  requirements  and  the  system 
design  constraints  and  considerations,  a  number  of  designs  were  considered.  Fig¬ 
ure  6.15  shows  the  layout  of  the  ten  conductor  elements  of  the  SFP.  Figure  6.16 
shows  the  configuration  of  the  SFP  —  including  the  integrated  trusses,  the  truss 
maker,  the  power  modules  and  arrays,  and  the  docking/delivery  system  —  in  an 
/2-bar  orientation.  Using  these  two  figures,  it  can  be  seen  that  conductors  Ci  and 
C2  are  housed  in  the  main  integrated  truss,  conductors  C3  and  C4  are  housed  in  the 
cross  integrated  truss,  conductor  C5  is  housed  in  the  orthogonal  integrated  truss,  and 
coiled  conductors  Cg,  C7,  Cg,  Cg,  and  Cio  are  housed  in  the  coiled  conductor  inte¬ 
grated  truss.  The  next  section  develops  the  forcing  ^unctions  for  the  electrodynamic 
propulsion  system  defined  by  Figure  6.15. 

6.3.5  Forced  Equations  of  Motion.  The  ten  multiple  turn  conductors 
described  above  —  five  long  straight  loop  conductors  and  five  tightly  coiled  con¬ 
ductors  —  are  used  to  provide  forcing  functions  for  the  SFP’s  relative  equations  of 
motion  (Equations  6.19  -  6.24).  Table  6.1  shows  how  each  conductor  is  mathemat¬ 
ically  described  in  terms  of  the  number  of  turns  in  the  conductor,  n,,  the  current 
through  the  conductor,  ii,  for  the  straight  conductors,  the  length  of  the  conductor 
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Coiled  conductors  along  eaeh  body  axis  provide  attitude  control. 


five  unshielded  conducto’'  coils. 


Conductor 

Description 

Conductor 

Description 

Cl 

Ce 

C2 

C7 

n^i^A^  62 

C3 

Cs 

usisAs  63 

C4 

Cs 

Cs 

Cio 

Table  6.1  The  mathematical  descriptions  of  the  SFP’s  conductor  elements,  where  n 
is  the  number  of  turns,  i  is  the  current,  L  is  the  length  of  the  conductor, 
and  A  is  the  cross  sectional  area  of  the  coiled  conductor. 

assembly,  L,,  and  for  the  coiled  conductors,  the  cross-sectional  area  of  the  coiled 
conductor,  Ai.  The  descriptions  in  Table  6.1  are  used  to  implement  Equation  6.31 
to  determine  the  translational  force  generated  by  each  straight  conductor  and  to  im¬ 
plement  Equation  6.32  to  determine  the  torque  generated  by  each  coiled  conductor. 

To  begin  the  development  of  the  forcing  functions  for  the  equations  of  motion. 
Equation  6.31  is  rewritten  to  account  for  multiple  conductors  and  the  augmentation 
thru.ster’s  thrust,  Fth'- 


Fb  =  ^  (niULi  X  +  Fth 

i 

-  (niLi^  X  B  +  Fthh  (6.33) 

where  Fth  is  the  thrust  of  the  augmentation  thrusters.  Considering  the  conductors 
listed  in  Table  6.1,  the  first  term  in  Equation  6.33  is  found  to  be 

’^niL  =  ^  riiii^Li 
i 

=  (us^sTs)  bi  -\-  {uiiiLi  -j-  n2*2^2)  ^2  +  +  n^i^L^)  63 

=  (niTs)  61  +  {niLi  -|-  niZ/2)  62  +  {niL3  -|-  niL4)  63  (6.34) 

and  is  expressed  in  the  ^frame.  However,  since  B  and  the  translational  equations 
of  motion  are  expressed  in  the  a-frame.  Equation  6.34  must  also  be  expressed  in  the 
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a-frame.  Using  the  linearized  version  of  Equation  C.ll  to  transform  Equation  6.34 
and  Fth  to  the  a-frame, 


“nii  = 

=  [niLs  —  6  (niLi  +  ml<2)  +  <i>  {niLs  +  niLi)]  d,  -f 
[6  {niLs)  -I-  {niLi  -|-  niZ/j)  —  V’  {niLs  4-  mZ/4)]  as  -|- 
[—(f)  (niLs)  +  V’  {niLi  +  niZ'2)  +  {niL^  -f  *21X4)]  03 
=  ILiOf-  -f  "h  IL^a^ 


and 


a  T?  _  Dab  b  wp 

th  —  linear  ^ 

=  4>FthaT  -  i’Ftkas  +  FthCtz 

Equations  6.8,  6.35,  and  6.36  can  now  be  used  to  solve  Equation  6.33: 


“F  = 


M 

—  {—IL2Tnz  -f  ILzTn2)  <l>Fth 

<pO 

L  '  o 

M 

—  {2ILzmi  +  ILimz)  -  rJ^Fth 

L^o 

M 

—  {-ILim2  -  2/Z/2mi)  -|-  Fth 

L 


^  I 

Ot  + 
00  + 

03 


The  component  parts  of  this  expression  form  the  forcing  functions  of  the 
translational  equations  of  motion: 


Or  : 

Os  : 

03  : 


{-IL2m3  -H  ILzmz)  -f 

Mtot 
i’Fth 


Mtotrl 

M 

Mtotrl 

M 

Mtotrl 


(2/Z/3mi  -f-  ILimz)  - 


{—IL\m2  —  2IL2Tni)  -|- 


Mtot 
Fth 


Mi 


tot 


(6.35) 


(6.36) 


(6.37) 
relative 

(6.38) 

(6.39) 

(6.40) 
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It  is  important  to  note  the  forcing  functions  for  the  a,  and  dj  equations  have  terms 
which  are  always  non-zero  —  due  to  the  presence  of  the  m3  components  oi  B  —  and 
axe  thus  always  controllable.  However,  since  the  ds  equation  only  has  the  sinusoidal 
mi  and  m2  components  of  B,  there  is  a  possibility  that  the  first  term  of  the  right  hand 
side  of  Equation  6.40  can  go  to  zero.  Without  the  augmentation  thrusters,  this  term 
does  in  fact  cycle  through  zero  as  can  be  seen  by  considering  the  controllability  of  the 
final  linear  system.  Without  the  augmentation  thrusters  included,  the  controllability 
matrix  (discussed  in  Section  J.2)  has  a  rank  defect  of  one.  As  a  result,  without 
the  augmentation  thrusters,  the  system  is  not  completely  controllable.  This  makes 
sense  from  a  physical  standpoint  since  it  is  impossible  for  any  ^  arely  electrodynamic 
propulsion  system  to  generate  thrust  parallel  to  the  J5-field. 

The  remainder  of  the  forcing  functions  are  determined  from  the  application 
of  Equation  6.32.  It  is  rewritten  to  account  for  multiple  coiled  conductors,  split 
translational  conductor  pairs,  ajid  augmentation  thrusters: 

r  =  X  '’:b)  -f  x;  {'ri  x  x  ’>b))  +  '>ftH  X  (6.41) 

i  i 

A 

where  all  vectors  are  expressed  in  the  6-frame  and  is  the  vector  position  of  the 
center  of  force  of  the  ith  conductor. 

Considering  the  conductors  listed  in  Table  6.1,  ^niAi  in  the  first  term  of  Equa¬ 
tion  6.41  is  found  to  be: 

'^niA  =  y]  ^niAj 

% 

—  (*^io*ioAio)  61  -f-  {n^i^A^  -j-  nrijAr)  -f-  (ngigAg  -f  ngigAg)  bs 

AAA 

=  {niAio)bi  +  {niAe  +  niA7)b2  + {niAs  +  niAg)b2  (6.42) 

In  order  for  the  forcing  torques  to  be  useful  in  Equations  6.22  -  6.24,  B  must  be 
expressed  in  the  6-frame.  Using  the  linearized  version  of  rotation  matrix  from  the 
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Conductor 

CF  Position 

Cl 

\L\h2 

C2 

—\L2b2 

C3 

—  (hmit  +  2^ceit)  +  ^^<363 

C4 

(hmit  T  h\ 

Cs 

(hmit  4"  hccit  "h 

Table  6.2  The  center  of  force  positions  for  each  straight  conductor,  hmit  is  the 
height  of  the  main  integrated  truss,  and  hcdt  is  the  height  of  the  coiled 
conductor  integrated  truss. 

d-frame  to  the  d-frame  to  transform  Equation  6.8,  is  found  to  be: 

, _  r  A  A 

=  —  [(2mi  -  Om-i  +  (funs)  bi  +  {-26mi  -  m2  - 
=  (2<^mi  +  ipm2  -  m3)  63]  (6.43) 

The  first  term  of  Equation  6.41  can  now  be  expanded  as: 

(^niAi  X  *5)  =  ^  [(ni/le  +  niAr)  {2<l>m\  +  xpm2  —  m3)  — 
i 

A 

{niAs  +  niAg)  {—29m\  —  m2  —  0m3)]  61  + 

M 

—  [(niy48  +  niAg)  [(2mi  -  dm2  +  - 

{niAio)  {2(f>mi  +  ‘ipm2  -  m3)]]  62  + 

M 

—  [-  {niA^  +  m'Ar)  (2mi  -  9m2  +  (pm^)  + 

{niAio)  (2mi  -  9m2  +  <^m3)]  ^  (6.44) 

The  second  term  can  also  be  expanded  at  this  point.  The  terms  are  the  positions 
of  the  center  of  force  for  each  individual  straight  conductor.  Table  6.2  describes 
the  position  of  the  center  of  force  for  each  straight  conductor.  Using  the  data  from 
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Table  6.2  and  Equations  6.34  and  6.43,  the  second  term  of  Equation  6.41  is  found; 


5^  (V,  X  (^niLi  X  *5))  = 


M 

».3 


+  ^n2*2^2  -  ^«3*3T3  +  ^n4i4Li^  ^2mi- 


$1712  + 


Ma)] 


bi  + 


^  2^*^*^*  ^  ^5*5^5  ^hmit  +  bccii  +  2^®)) 

m2  -  V’»«3^j  h  + 

^hmit  +  hccit  +  2^®))  + 

V>m2  -  ma^ I  63  (6.45) 


where  hmit  is  the  height  of  the  main  integrated  truss  and  hcdt  is  the  height  of  the 
coiled  conductor  integrated  truss.  The  third  term  in  Equation  6.41  accounts  for 
any  torque  generated  by  the  operation  of  the  augmentation  thrusters.  With  the 
expectation  that  the  force  generated  by  the  thrusters  will  be  of  the  same  order  of 
magnitude  as  the  highest  forces  generated  by  the  electrodynamic  propulsion  system, 
the  elimination  of  any  such  torque  is  desirable.  To  achieve  this,  the  thrusters  must 
be  aligned  with  the  center  of  mass  of  the  SEP.  Because  of  variable  payloads,  the 
center  of  mass  moves  over  the  range 


—4.39  bi  m  <  Tern  <  +1.20  61  m 

from  a  reference  point  defined  as  the  intersection  between  the  orthogonal  integrated 
truss  axis  and  the  top  the  main  integrated  truss  (see  Appendix  H  for  the  analysis  of 
this  required  shift).  The  truss  maker  moves  along  the  top  of  the  main  integrated  truss 
to  keep  the  vehicle’s  center  of  mass  in  the  61 63- plane.  The  augmentation  thrusters 
must  be  able  to  track  the  shifting  center  of  meiss  as  it  shifts  along  the  61-axis.  To  do 
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so,  they  are  mounted  on  movable  platforms  at  the  ends  of  the  main  integrated  truss. 
They  point  along  the  ±63  direction,  away  from  the  center  of  mass.  See  Appendix  I 
for  a  more  detailed  discussion  of  the  tracking  requirement  and  thruster  capability. 
The  moment-arm  of  the  thruster,  ‘s  then  always  zero,  thus  eliminating  any 
thruster-generated  moment,  and  the  third  term  of  Equation  6.41  drops  out  of  the 
equation. 

Equation  6.41  can  now  be  solved  to  obtain  the  forcing  functions  for  the  ro¬ 
tational  equations  of  motion.  The  right  hand  sides  of  Equations  6.22  -  6.24  then 
become: 


bi 


M 


[(-^ni*iTj  -I-  (2mi- 

Om^  +  (^ma)  +  (niAe  +  niAj)  (2<^mi  -|-  V>m2  —  m3)  — 

(nj'As  -t-  niAg)  —  mj  —  ^m3)j  (6.46) 

=  -h  risisLs  ^hmit  +  ^cc*<  +  2^*)) 

m2  —  -f  (niAa  +  niAg)  (2mi  —  $m2  +  (^ma)  — 

(m'Aio)  (2</>mi -f  0m2  -  m3)j  (6-47) 

=  ^  "b  ”5*5^5  (^hmit  +  ^ccit  +  2^^^  (20mi-|- 

0m2  -  ma)  -t-  -  n^uLi  {hynit  +  (2mi- 

6m2  -|-  ^ma)  -f  {niAe  -t-  niAj)  {—2m\  0m2  —  ^ma)  + 

(m'Aio)  (— 2^mi  —  m2  —  0m3)j  (6.48) 


where  the  m3  terms  with  coefficients  of  one  will  be  the  primary  control  elements  for 
each  equation  due  to  the  presence  of  the  constant  term  within  m3.  Inspection  of 
the  63  equation  shows  the  necessity  of  splitting  the  conductor  housed  in  the  main 
integrated  truss  into  two  elements.  The  forces  generated  by  conductors  Ci,  C2,  and 
C5  are  the  primary  pitch  control  elements.  If  conductors  Cj  and  C2  were  not  split, 
C5  would  be  th'’  only  nominal  pitch  control  element.  However,  further  consideration 
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of  the  Off  equation  shows  that  C5  is  also  the  primary  control  element  for  movement 
along  the  orbit  path  in  proximity  of  the  reference  point.  To  insure  the  SFP  can 
achieve  the  desired  control  capabilities,  it  is  necessary  for  cill  six  equations  of  motion 
to  have  separate  control  elements  that  provide  the  primary  control  authority.  To 
achieve  this,  the  conductor  housed  by  the  main  integrated  truss  was  split  into  two 
control  elements.  This  allows  Ci  and  C2  to  provide  pitch  control,  while  C5  provides 
translation  control  along  the  orbit  path.  Conductors  C3,  C4,  Cg,  and  Cg  do  not 
provide  any  primary  thrust  or  attitude  capability,  but  are  retained  to  prevent  the 
SFP  from  getting  “stuck”  in  a  singularity  of  the  force  and/or  the  torque  laws. 

The  forcing  functions  for  all  six  equations  of  motion  have  now  been  derived. 
With  the  augmentation  of  the  thrust  and  rotational  capabilities,  the  SFP  has  full 
control  of  all  relative  position  and  attitude  elements,  and  can  therefore  be  considered 
to  have  full  six  degree-of-freedom  control  capability. 

6.3.6  Linear  System  State  Space  Representation.  The  equations  of  motion 
provide  the  dynamics  model  of  the  SFP’s  behavior  that  is  used  to  develop  an  SFP 
design  that  gives  full  control  over  the  position  and  orientation  of  the  SFP  while 
achieving  the  operational  capability  goals.  The  method  chosen  to  combine  these  two 
tasks  was  to  use  the  controller  design  process  outlined  in  the  POTkV  study  (81:4-5) 
in  an  iterative  scheme.  In  order  to  use  this  process,  the  equations  of  motion  must  be 
converted  to  a  state  space  representation.  The  state  space  representation  is  checked 
for  controllability  and  observability.  Based  on  the  state  space  representation,  a  linear 
systems  controller  is  designed  using  a  linear  quadratic  regulator  and  a  prefilter.  The 
state  space  open  loop  system  is  then  converted  to  a  closed  loop  system  using  full 
state  feedback.  Appendix  J  provides  a  detailed  discussion  of  this  process. 

6.3.7  Time-History  Analysis.  Once  the  dynamics  model  is  converted  to  a 
state  space  representation,  the  model  is  incorporated  into  the  time-history  analysis 
program.  Specific  design  parameters,  such  as  vehicle  payload,  individual  conduc- 
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Resistance 

84.000 

pfl/m 

Mass 

0.839 

kg/rn 

Melting  Temperature 

657 

“C 

Table  6.3  Properties  of  a  two  centimeter  insulated  aluminum  conductor  (20). 

tor  lengths,  number  of  turns  on  an  individual  conductor,  the  individual  conductors 
diameter,  and  the  thickness  of  the  magnetic  shield  are  entered  into  the  program. 

Asbestos  insulated  aluminum  wire  with  a  2  cm  diameter  was  chosen  for  the 
conductor  material  for  the  SFP’s  electrodynamic  propulsion  system  (see  Table  6.3). 
At  this  diameter,  aluminum  wire  has  approximately  twice  the  resistance  of  copper 
wire  but  weighs  70%  less  (20).  Due  to  heat  trjinsfer  considerations,  the  maximum 
current  allowed  is  dictated  by  a  maximum  conductor  core  temperature  of  438.0 
(219 “C  below  the  melting  point  of  aluminum  which  provides  a  factor  of  safety  of 
1.5).  In  a  worst  case  scenario,  no  more  than  99  turns  of  the  conductor  are  required  to 
generate  enough  force  to  maneuver  the  platform.  The  conductors  are  bundled  into 
a  99  conductor  element  cable  and  shielded  with  one  shield.  A  heat  transfer  analysis 
of  the  shielded  cable  can  be  found  in  Appendix  K. 

Using  these  parameters,  a  magnetic  shield  was  developed  to  provide  shielding 
over  one  half  of  a  conductor  loop.  A  10.14  mm  thick  shield  will  provide  the  neces¬ 
sary  shielding  to  allow  the  use  of  closed  conductor  loops  (see  Appendix  L)  for  both 
translation  and  attitude  control.  Spenny’s  work  assumed  the  use  of  plasma  contac¬ 
tor  devices  to  close  the  current  loops  through  the  ionosphere  —  a  very  expensive 
(in  terms  of  power)  method  for  using  electrodynamic  propulsion.  Using  magnetic 
shielding  will  allow  the  use  of  closed  conductor  loops  which  will  result  in  significantly 
lower  power  requirements. 

The  time-history  analysis  program  uses  the  design  parameter  information  to 
calculate  the  vehicle’s  mass  and  mass  moments  of  inertia,  which  allow  the  coefficients 
of  the  equations  of  motion  to  be  determined.  The  user  enters  a  reference  command 
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Figure  6.17  Time  history  of  the  total  power  required  for  a  stable  controller  design. 

that  fixes  the  location  (altitude,  inclination,  and  right  ascension  of  the  ciscending 
node  of  the  reference  orbit,  the  true  anomaly  of  the  reference  point,  the  distance 
between  the  SFP’s  center  of  mass,  and  the  reference  point)  and  attitude  (the  angular 
orientation  of  the  SFP  with  respect  to  the  orbital  reference  frame)  of  the  SFP.  The 
program  uses  the  dynamics  model,  a  user-specified  reference  command,  and  proposed 
design  parameters  (vehicle  size,  conductor  length,  etc.)  to  derive  a  a  linear  quadratic 
regulator  based  controller.  A  time-based  simulation  of  the  controller  is  run  to  assess 
the  stability  properties,  over  time,  of  the  proposed  design.  For  a  specific  point 
in  an  orbit,  with  a  stand-off  reference  command,  the  controller’s  outputs  should  be 
constant.  This  equates  to  a  flat,  horizontal  line  an  a  plot  of  power,  for  example,  versus 
time,  as  can  be  seen  in  Figure  6.17  When  the  outputs  demonstrate  this  behavior, 
the  controller  is  assumed  to  be  stable  over  time.  See  Section  M.l  for  a  complete  set 
of  time-based  plots  and  data  outputs  for  the  final  platform  design. 

If  the  proposed  design  does  not  have  the  stability  characteristics  desired,  the 
design  is  modified.  The  new  dynamics  model  for  the  modified  design  is  then  de- 
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veloped,  incorporated  into  the  time-history  design  program,  and  evaluated.  This 
process  is  repeated  until  a  design  with  satisfactory  stability  characteristics  is  found. 
When  such  a  design  is  found,  the  orbit-history  design  program  is  then  used  to  de¬ 
termine  the  specific  design  parameters  for  the  platform. 

6.3.8  Orbit-History  Analysis.  Once  determined  to  be  stable,  the  proposed 
design  must  be  evaluated  to  see  if  it  meets  the  performance  requirements.  This  eval¬ 
uation  is  accomplished  using  a  modified  version  of  the  time-history  design  program 
and  a  driver  program  which  form  the  orbit-history  design  program.  The  dynamics 
model  used  in  the  time-history  design  program  is  incorporated  into  this  program  in 
the  same  fashion  as  previously  described. 

The  driver  program  passes  all  the  reference  command  and  orbit  position  in¬ 
formation  to  the  sub-program.  The  driver  contains  a  loop  structure  that  is  used  to 
generate  a  discrete  simulation  of  the  SFP  moving  through  its  orbit.  The  sub-program 
then  uses  that  information  to  generate  a  new  controller  (in  the  same  fashion  as  the 
time-history  design  program),  which  allows  the  determination  of  new  control  infor¬ 
mation,  such  as  total  power  required,  individual  conductor  currents,  etc.  This  data 
is  then  passed  back  to  driver  program  (the  program  can  be  modified  to  pass  virtu¬ 
ally  any  of  the  calculated  data  back  to  the  driver  program  for  analysis).  The  data 
is  then  processed  by  the  driver  program  to  generate  plots.  The  plots  show  how  such 
parameters  as  total  power  required,  individual  conductor  currents,  conductor  core 
temperatures,  and  thrust  required  change  with  position  in  the  orbit.  Figure  6.18 
shows  how  the  total  power  required  for  the  electrodynamic  propulsion  system  varies 
with  orbital  position.  The  effective  time  interval  shown  is  one  full  revolution  of  the 
Earth. 

The  data  generated  by  this  process  can  be  used  to  assess  the  characteristics 
for  the  proposed  design.  If  any  of  the  constraints  are  violated  —  too  much  power 
is  required,  a  conductor  core  temperature  is  too  high,  etc.  —  the  proposed  design 
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Figure  6.18  Orbit-history  design  program  plot  of  total  power  required  versus  true 
anomaly. 

parameters  are  changed  and  the  program  is  re-run.  This  process  Is  repeated  until 
an  acceptable  design  is  obtained.  Section  M.2  shows  the  complete  set  of  orbit-based 
plots  for  the  final  platform  design  performing  the  design  /2-bar  standoff  maneuver. 

6.3.9  Final  Design  Characteristics.  The  final  design  of  the  SFP  is  a 
function  of  the  performance/operational  requirements  levied  upon  the  vehicle.  Dif¬ 
ferent  requirements  would  most  likely  have  resulted  in  a  different  final  design  (see 
Section  11.2  for  more  discussion).  However,  the  final  design  is  well  suited  to  the  per¬ 
formance/operational  requirements  discussed  in  Section  3.2.  Table  6.4  lists  the  basic 
characteristics  of  the  final  platform  design.  Table  6.5  lists  the  dimensions,  number 
of  turns,  and  mass  of  each  conductor,  as  well  as  the  size  of  the  individual  conductor 
elements,  and  the  thickness  of  the  Netic  shield. 

The  platform  was  designed  to  perform  /2-bar  standoff,  but  must  perform  other 
maneuvers  as  well.  The  other  primary  function  performed  by  the  propulsion  system 
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Description 

Mass 

{kg) 

External  Tank  Payload 

31,300 

Truss  Maker 

3,000 

Main  Integrated  Truss 

1,000 

Cross  Integrated  Truss 

1,200 

Orthogonal  Integrated  Truss 

540 

Coiled  Conductor  Integrated  Truss 

195 

Solar  Dynamic  Power  Module  (2) 

11,899 

ASSET  Photovoltaic  Array  (2) 

7,194 

Augmentation  Thruster  Assemblies 

2,200 

Augmentation  Thruster  Fuel 

2,000 

Servicing  System 

5,000 

Salvage  Equipment 

2,000 

Miscellaneous  Equipment 

12,000 

(6i  m 


8.42 


5. 


2.0 


2.0 


27.0 


Dimensions 

X  (>2  171  X 


X  46.88  X 


63  m) 


8.42 


2. 


2.0 


60.0 


2.0 


.3 


18.0 


Table  6.4  The  estimate  or  calculated  mass  and  dimensions  of  the  major  components 
of  the  final  design  of  the  SFP.  Note  that  the  dimensions  for  the  solar 
dynamic  power  modules  and  ASSET  photovoltaic  arrays  is  based  on  them 
pointing  upward  toward  the  delivery  system. 


Mass 

(%) 


17,530 


17,530 


234 


234 


3,846 


5,255 


5,255 


Conductor 


Cl 


C2 


C3 


C4 


C5 


C6 


Cl 


C8 


C9 


CIO 


Single  Conductor  Wire  Diameter 


Netic  Shield  Thickness 


Table  6.5  The  mass,  length,  diameter,  number  of  turns  for  each  conductor  element. 

Also  listed  is  the  size  of  the  individual  conductor  wires  and  the  thickness 
of  the  Netic  shielding. 


Dimensions 

{diameter 

X 

length 

X 

turns) 

23.16  cm 

X 

25.0  m 

X 

99 

23.16  cm 

X 

25.0  m 

X 

99 

2.0  cm 

X 

25.0  m 

X 

1 

2.0  cm 

X 

25.0  m 

X 

1 

12.58  cm 

X 

27.0  m 

X 

21 

3.8  m 

X 

0.28  m 

X 

137 

3.8  m 

X 

0.28  m 

X 

137 

3.8  m 

X 

0.02  m 

X 

1 

3.8  m 

X 

0.02  m 

X 

1 

3.8  m 

X 

1.8  m 

X 

497 

2.0  cm 

10.14  mm 
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is  orbit  transfer.  While  orbit  transfer  is  not  the  primary  capability  driving  the  design, 
how  well  the  task  can  be  accomplished  is  certainly  important. 

6.3.10  Orbit  Transfer  Analysis.  The  iterative  design  process  required  the 
use  of  a  linearized  representation  of  the  SFP’s  equations  of  motion.  The  equations 
of  motion  for  gross  orbit  maneuvers  —  orbit  transfers  —  do  not  require  such  a  for¬ 
mulation.  In  fact,  some  of  the  secondary  effects  lost  by  linearization  are  important 
to  assessing  the  performance  during  an  orbit  transfer.  The  development  of  the  non¬ 
linear  equations  of  motion  is  similar  to  that  of  the  relative  equations  of  motion;  as 
such,  only  an  abbreviated  discussion  is  included  here. 

Using  the  SFP  design  determined  through  the  iterative  design  process,  an 
analysis  was  undertaken  to  establish  the  performance  of  the  vehicle  during  an  or¬ 
bital  transfer.  The  analysis  provides  the  basis  for  mission  time  lines,  transfer  power 
requirements,  and  demonstrates  the  effects  of  the  changing  J3-field. 

For  the  POTV,  Lawrence  performed  a  simple  analysis  for  an  orbital  trans¬ 
fer  (49:5.1).  He  assumed  the  Earth’s  H-field  has  constant  magnitude  and  constant 
relative  orientation  with  respect  to  the  vehicle.  Applying  these  assumptions  to  the 
force  law  results  in  constant  thrust  from  the  propulsion  system.  Assuming  a  constant 
thrust,  Lawrence  analyzed  the  approximate  time  needed  to  transfer  from  a  lower  al¬ 
titude  orbit  to  a  higher  altitude  orbit.  The  approximation  used  is  valid  for  a  low 
thrust  vehicle  whose  thrust  is  constant  (93:89).  However,  this  approximation  is  not 
valid  for  an  orbit  transfer  analysis  which  includes  a  time  varying  H-field.  To  perform 
the  time  variant  analysis,  a  MATLAB  program  was  used  to  numerically  integrate 
the  vehicle’s  equations  of  motion.  The  analysis  is  performed  in  the  Earth  centered 
inertial  (ECI)  coordinate  system.  Numerical  integration  is  used  to  more  accurately 
represent  the  changing  H-field’s  impact  on  the  vehicle’s  motion. 

The  previous  analysis  needed  the  SFP’s  relative  equations  of  motion  to  be 
linear.  The  orbit  transfer  analysis  does  not  require  this  restriction.  As  a  result. 
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some  of  the  elements  of  the  equations  of  motion  will  change.  Prior  to  performing 
the  orbit  transfer  analysis,  the  SFP’s  gross  equations  of  motion  need  to  be  modified. 

6.3.10.1  Orbit  Transfer  Equations  of  Motion.  The  same  forces 
incorporated  into  the  relative  equations  of  motion  —  gravity,  aerodynamic  drag, 
and  magnetic  field  effects  —  are  used  to  develop  the  nonline2U'  equations  of  motion 
to  be  used  for  the  orbit  transfer  analysis.  As  before,  gravity  and  aerodynamic  drag 
are  the  retarding  forces  to  be  overcome,  and  the  magnetic  field  effects  are  used  for 
propulsion. 

The  dominant  force  acting  on  the  SFP  is  due  to  the  Earth’s  gravitational  field. 
Modeling  the  Earth  as  a  sphere  of  uniform  density,  the  potential  function  for  the 
field  is 

_  GMq 
^  r 

where  r  is  the  magnitude  of  the  length  of  the  vector  distance  from  the  center  of  the 
E^lrth  to  the  center  of  mass  of  the  SFP.  The  acceleration  of  the  vehicle  due  to  this 
potential  field  is: 


The  SFP  is  a  low  thrust  vehicle.  Its  performance  is  significantly  impacted  by 
aerodynamic  drag  forces.  The  acceleration  due  to  aerodynamic  drag  is: 

where,  as  before,  p  is  the  density  of  the  atmosphere,  VJ.  is  the  relative  velocity  of  the 
SFP  with  respect  to  the  atmosphere,  and  is  the  ballistic  coefficient. 


-VV 

GMc 


r 


(6.50) 
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The  propulsive  force  generated  by  the  SFP  is  given  by  the  force  law  as: 


Fp  =  iL  X  B 


(6.52) 


where  i  is  the  current  through  the  conductor,  L  is  the  length  of  the  conductor,  B  is 
the  Earth’s  magnetic  field.  The  unit  vector  describing  the  direction  of  L  will  be  L 
and  its  orientation  changes  with  respect  to  the  d-fr«ime  changes.  Since  B  is  fixed  to 
the  Earth,  and  rotates  with  it,  it  is  time  varying  in  the  e-frame.  As  a  result,  B  is 
given  as: 
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where  x{t),  y{t),  and  z{t)  are  the  components  of  r{t)  along  the  Ci,  62,  and  63 
directions  respectively. 


The  resulting  acceleration  due  to  the  SFP’s  electrodynamic  propulsion  system 


is: 


X  g(r,t)) 

A/jot 


(6.54) 


6.3.10.2  Orbit  Transfer  Thrust  Control.  To  transfer  from  a  circular 
orbit  to  a  higher  altitude,  coplanar,  circular  orbit,  the  original  orbit  is  made  elliptical. 
The  semi-major  axis,  a,  is  increased  until  the  perigee  of  the  elliptical  orbit  is  tangent 
to  the  original  orbit,  and  the  apogee  is  tangent  to  the  desired  orbit.  When  the  desired 
altitude  is  reached,  the  orbit  is  recircularized.  The  most  efficient  way  to  perform  these 
maneuvers  is  to  apply  all  forces  in  the  orbit  plane.  However,  the  electrodynamic 
propulsion  system  generates  out-of-plane  forces  while  generating  propulsive  forces. 
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To  minimize  changes  to  the  inclination  and  longitude  of  the  right  ascension  of  the 
ascending  node  of  the  SFP’s  orbit,  the  out-of-plane  forces  must  be  minimized. 

In  Equation  6.52,  the  length  of  the  conductor  is  fixed  and  B  =  B  {t) ,  f  {tfj ; 
only  the  current,  i,  and  direction  the  conductor  is  pointing,  L,  can  be  changed. 
Because  Fp  is  perpendicular  to  the  direction  of  B,  the  conductor  should  be  pointed 
to  minimize  the  out-of-plane  forces  being  generated  by  the  propulsion  system.  The 
magnitude  of  Fp  is  controlled  by  changing  both  i  and  L,  and  is  maximized  for  a 
given  current  when  L  is  perpendicular  to  B. 

Desired  Thrust  Direction.  For  a  nearly  impulsive  propulsion 
system,  the  optimum  energy  trainsfer  between  two  coplanar  circular  orbits  was  de¬ 
termined  by  Hohmann  (93:71).  A  change  in  velocity,  AtJ,  is  generated  in  the  velocity 
direction,  v.  This  places  the  spacecraft  into  an  elliptical  orbit  whose  perigee  is  tan¬ 
gent  to  the  original  orbit  at  the  maneuver,  and  whose  apogee  is  tangent  to  the  desired 
orbit.  At  apogee,  another  Au  is  applied,  again  in  the  velocity  direction,  to  circularize 
the  orbit  (see  Figure  6.19).  This  optimization  can  be  explained  by  the  orbital  energy 
equation: 

—  =  -JL 

2  r  2a 

Equation  6.55  shows  that  total  energy  must  be  increased  in  order  to  increase  orbital 
radius.  The  only  practical  method  of  increasing  the  total  energy  is  to  increase  v.  An 
acceleration  will  induce  a  Au.  Because  v  and  Av  are  both  vectors,  the  largest  total 
velocity  {v  -f  Av)  will  result  when  both  vectors  are  co-linear,  pointing  in  the  same 
direction.  Therefore  the  greatest  increase  in  orbital  radius  results  from  the  thrust 
being  applied  in  the  velocity  vector  direction.  Based  on  this,  the  SFP  should  be 
oriented  to  generate  the  maximum  thrust  along  the  orbit  velocity  direction. 

Orientation  of  the  Conductor.  For  a  low  inclination  orbit,  the 
average  orientation  of  B  is  nearly  perpendicular  to  the  orbit  plane  throughout  the 
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Figure  6.19  The  Hohmann  transfer  is  the  most  efficient  coplanar  orbit  treinsfer  in 
total  Av. 

complete  orbit.  In  his  analysis  of  the  POTV’s  orbit  transfer  performance,  Lawrence 
suggested  using  a  conductor  aligned  with  the  radius  vector  to  generate  a  propulsive 
force  that  is  generally  in  the  velocity  vector  direction  (49:5.2).  For  his  analysis, 
Lawrence  assumed  B  was  constant  and  fixed  the  orientation  of  the  vehicle  so  that 
its  main  conductor  was  perpendicular  to  both  B  and  the  velocity  vector.  Because 
the  actual  orientation  of  B  varies  with  time,  it  is  not  always  perpendicular  to  the 
velocity  and  radius  vectors.  As  a  result,  the  component  of  Fp  in  the  velocity  vector 
direction  may  not  be  maximized.  Despite  this  problem,  this  type  of  analysis  is  simple 
to  implement.  For  the  analysis  in  this  study,  this  method  (Method  1)  is  compared 
to  one  where  B  is  not  assumed  to  be  constant. 

An  alternative  to  fixing  the  direction  of  the  conductor  in  the  radial  direction 
is  to  orient  the  conductor  so  that  it  is  orthogonal  to  both  B  and  the  velocity  vector. 
The  resulting  propulsive  force  is  then  in  the  plane  defined  by  B  and  the  velocity 
vector.  It  also  provides  the  maximum  acceleration  in  the  velocity  vector  direction. 
For  low  inclinations,  the  angle  between  propulsive  force  and  the  velocity  vector  is 


small.  This  type  of  analysis  provides  better  performance,  and  is  only  marginally 
more  difficult.  The  time  varying  B  analysis  is  Method  2. 

A  comparison  of  Method  1  and  Method  2  is  made  in  Appendix  N.  The  compar¬ 
ison  shows  that  Method  2  is  the  most  efficient  orbit  transfer  method.  Consequently, 
Method  2  is  used  for  the  all  orbit  transfer  calculations. 

6.3.10.3  Control  for  Rendezvous.  At  the  conclusion  of  an  orbital 
transfer,  the  SFP  will  rendezvous  with  some  orbiting  target.  Generally  this  will 
entail  matching  the  target’s  inclination  and  line  of  nodes  and  then  circularizing  the 
orbit  to  match  true  anomalies,  u.  Conceptually,  this  requires  applying  a  suitable 
force  to  recircularize  the  orbit  at  the  appropriate  time  to  achieve  the  desired  final 
conditions.  The  calculation  of  force  application  time  and  the  exact  sequence  of  force 
applications  is  assumed  to  be  achievable,  but  is  not  included.  However,  the  general 
methods  of  controlling  the  SFP  for  rendezvous  can  be  discussed. 

Perturbations  in  the  inclination  and  line  of  nodes  can  be  controlled  through  oc¬ 
casional  reorientation  of  the  main  conductor  to  provide  sufficient  out-of-plane  thrust¬ 
ing  to  make  corrections.  As  indicated  in  Section  6.2.3,  higher  order  terms  of  the 
H-field,  not  included  in  this  analysis,  can  be  useful  for  making  such  corrections.  The 
augmentation  thrusters  can  be  used  as  well. 

The  SFP’s  orbital  eccentricity,  e,  is  close  to  zero  throughout  the  transfer.  This 
is  the  basis  of  the  constant  low  thrust  transfer  approximation.  At  any  time  during 
the  transfer,  if  the  propulsion  system  is  turned  off,  the  orbit  of  the  SFP  would  be 
nearly  circular.  Figure  6.20  shows  the  velocity  of  the  SFP  during  a  transfer.  Also 
plotted  on  Figure  6.20  is  the  circular  orbit  velocity,  Vc,  at  the  SFP’s  altitude.  When 
approaching  the  target  altitude,  power  should  be  adjusted  so  that  the  SFP  reaches 
the  target  altitude  at  tf.  The  oscillations  of  the  SFP’s  velocity  about  the  velocity 
to  maintain  a  circular  orbit  should  allow  maneuver  scheduling  that  uses  a  minimum 
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(28.Sdeg  i.  300km.  771m,  Zhrt) 


Figure  6.20  The  SFP’s  velocity  ( — )  oscillates  about  circular  orbit  velocity  (•  •  •); 

control  of  propulsion  power  can  be  used  to  correctly  time  the  intersec¬ 
tions  of  the  velocity  curves. 

amount  of  power  to  reouce  the  acceleration  to  zero.  This  would  allow  placing  the 
SFP  within  the  precision  maneuvering  controller’s  operating  envelope. 

6.3.10.4  Orbit  Transfer  Performance.  In  order  to  estimate  the 
SFP’s  performance,  a  variety  of  numerical  integrations  were  run  using  orientation 
Method  2  (see  Appendix  0).  The  general  characteristics  were  demonstrated  in  a 
baseline  run  of  2  days  with  power  limited  to  77  kW.  The  initial  conditions  are  the 
same  as  previously  defined. 

6.3.10.5  Altitude  Changes.  The  baseline  performance  shows  the  SFP, 
carrying  an  external  tank  payload,  increased  altitude  by  21.33  km  in  2  days  (see 
Figure  6.21).  The  small  variations  in  the  curve  are  a  result  of  a  cycle  of  exchange  of 
kinetic  energy  for  potential  energy  (altitude),  a  near  circularization,  and  then  a  gain 
in  kinetic  energy.  The  state  is  always  nearly  a  circular  orbit.  The  long  term  trend  in 
Figure  6.21  appears  linear,  but  closer  inspection  reveals  that  SFP’s  transfer  rate  is 
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(28.Sclag  i.  300km.  77lw.  2day*) 


Figure  6.21  The  SFP  raises  21.33  km  during  the  first  2  days  of  a  transfer  from  a 
300  km  to  500  km  orbit. 


Initial  Altitude  km 

riT  km! day 

iiiiiiiii— — ijjjiim 

0.012 

0.012 

500 

0.012 

2.00 

Table  6.6  Change  in  performance  with  changes  in  starting  altitude.  For  28.5°  incli¬ 
nation  starting  orbits,  the  climb  rate  of  the  SFP  increases  with  altitude, 
while  other  changes  remain  relatively  constant. 


slowly  increasing.  This  is  due  to  the  drop  in  cierodynamic  drag  as  altitude  increases 
(see  Figure  6.22).  As  the  vehicle’s  altitude  increases,  current  generally  increases  to 
compensate  for  the  general  decrease  in  the  strength  of  the  B-field.  However,  power 
lost  to  resistance  also  increases.  These  trends  were  verified  by  performing  the  runs 
at  different  initi£il  altitudes.  Runs  with  higher  starting  altitudes  (see  Table  6.6) 
displayed  higher  daily  transfer  rates,  mainly  due  to  a  two  order  of  magnitude  drop 
in  aerodynamic  drag. 
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Figure  6.22  Aerodynjimic  drag  versus  time.  During  the  transfer,  the  acceleration 
due  to  aerodynamic  drag  decreases.  This  decrease  results  from  the 
increase  in  altitude. 

The  transfer  rate  of  10.67  kmfday  can  be  used  for  simple  estimates  for  the 
time  to  reach  desired  altitudes  from  a  300  km  orbit.  For  simple  approximations  it 
provides  a  conservative  estimate,  and  avoids  using  the  long  and  complex  numericaJ 
integrations  required  for  more  accurate  estimates. 

Inclination  Changes.  A  chcinge  in  inclination  results  from  the 
components  of  the  out-of-plane  thrust  and  drag  forces.  The  effect  of  these  out-of¬ 
plane  forces  is  to  alter  the  direction  of  the  angular  momentum  vector.  This  changes 
the  inclination  and  line  of  nodes.  In  the  course  of  a  normal  closed  orbit,  the  posi¬ 
tive  and  negative  changes  in  inclination  generally  cancel.  However,  with  the  SFP’s 
increase  in  altitude,  there  is  not  a  complete  cancellation  and  a  long  term  trend  de¬ 
velops.  The  function  is  complicated  by  Earth’s  magnetic  dipole  not  being  aligned 
with  the  Earth’s  axis  while  it  rotates  with  the  Earth.  As  a  result,  the  inclination 
changes  by  approximately  0.012°  jday  (see  Figure  6.23);  this  includes  the  changes 
due  to  decreasing  aerodynamic  drag.  The  rate  is  essentially  constant  with  respect 
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(28.Sd*g  i,  300km.  771m»,  2day8) 


Figure  6.23  The  SFP’s  inclination  decreases  by  approximately  0.012“/<iay. 

to  altitude  (see  Table  6.6).  The  short  term  trends  can  be  seen  in  Figure  6.23.  The 
long  term  cycle  in  Figure  6.23  is  due  to  Earth’s  rotation. 

The  electrodynamic  propulsion  system  can  be  used  periodically  to  cancel  in¬ 
clination  change  at  the  sacrifice  of  longer  mission  times.  These  changes  are  possible 
because  of  the  variations  in  the  5-field  eis  discussed  previously.  If  the  mission  re¬ 
quires  more  timely  corrections  to  inclination  changes  than  can  be  made  using  the 
5-field,  the  augmentation  thrusters  must  be  used.  For  an  impulsive  inclination 
change  maneuver  at  the  relative  line  of  nodes,  the  Au  required  is  given  by  (93:74): 

Ai 

Av  =  2v  sin  —  (6.56) 

At  500  km,  the  Av  is  approximately  40  m/s  for  a  0.3°  inclination  change.  This  re¬ 
quires  engines  whose  thrust  is  similar  to  the  ASSET  boost/deboost  engines.  Because 
of  the  fuel  used  to  perform  such  maneuvers,  it  is  preferable  to  take  the  additional 
time  to  use  the  5-field. 
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(28.S(tog  1, 300iun,  77kw,  2diys) 


Figure  6.24  Through  2  days,  |n|  varies  about  zero. 

Changes  in  Ascending  Node  Right  Ascension.  The  out-of-planc 
forces  also  cause  changes  in  the  line-of-nodes.  A  plot  of  the  absolute  value  of  the 
line-of-nodes,  \il\,  demonstrates  the  change  is  small  and  periodic  about  zero  (see 
Figure  6.24).  A  very  small  trend  still  exists  because  of  the  increasing  altitude. 

The  Earth’s  oblateness  causes  a  greater  change  in  U,  with  the  orbit  plane 
precessing  at  the  rate: 

n  = - cosz  (6.57) 

2a2(l_e2)*  ^  ^ 

where  n  is  the  mean  motion,  characterizes  Earth’s  oblateness  (J2  =  0.001082, 

and  i.-  determined  using  spherical  harmonic  analysis),  r®  is  the  radius  of  the  Earth, 

a  is  the  semi-major  axis,  e  is  the  eccentricity,  and  i  is  the  inclination.  For  the  initial 

condition  orbit,  17  =  7.A5°lday. 

SFP  Mission  Performance.  Numerical  integrations  were  exe¬ 
cuted  for  the  SFP  in  three  possible  operating  configurations: 

•  SFP  baseline  state:  77  kW  of  power  with  an  external  tank  payload. 


6-53 


Target  Altitude 
km 

Time 

days 

Max  AH 

10-3° 

Comments 

0.00 

0.000 

Starting  altitude 

5.62 

0.067 

ASSET  maximum  altitude 

15.00 

0.180 

2.00 

Space  Station  FVeedom  altitude 

500 

18.74 

0.225 

2.00 

Table  6.7  The  baseline  SFP  can  reach  a  500  km  altitude  in  less  than  19  days  from 
an  initial  orbit  of  300  km  and  28.5°  inclination. 


Target  Altitude 
km 

Time 

days 

Ai 

deg 

Max  An 

10-3° 

Comments 

0.00 

0.000 

Starting  altitude 

12.00 

0.132 

1.68 

ASSET  maximum  altitude 

32.00 

0.352 

1.68 

Space  Station  FVeedom  altitude 

500 

40.00 

0.440 

1.68 

Table  6.8  With  68  kW  of  power,  the  SFP  can  reach  a  500  km  altitude  in  40  days 
from  an  initial  orbit  of  300  km  and  28.5°  inclination. 


•  Reduced  power  state;  68  kW  of  power  with  an  external  tank  payload. 

•  No  payload  state:  77  kW  of  power  with  no  payload. 

The  results  were  used  to  make  linear  approximations  of  critical  mission  planning 
factors  (see  Tables  6.7,  6.8,  and  6.9).  As  discussed  previously  in  Section  6.3.10.5, 
these  estimates  are  conservative.  Because  the  climb  rate  increases  with  altitude,  the 


Target  Altitude 
km 

Time 

days 

<1 

Max  AH 

10-3° 

Comments 

300 

0.00 

0.000 

umi^^ 

Starting  altitude 

360 

3.59 

0.061 

ASSET  maximum  tdtitude 

460 

9.58 

0.163 

Space  Station  Freedom  altitude 

500 

11.98 

0.204 

2.70 

Table  6.9  With  no  payload,  the  SFP  can  reach  a  500  km  altitude  in  less  than 
12  days  from  an  initial  orbit  of  300  km  and  28.5°  inclination. 
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time  required  to  reach  the  target  altitudes  is  less  than  the  stated  times.  However, 
the  additional  time  will  probably  be  needed  to: 


•  correct  the  inclination 

•  correct  the  line  of  nodes 

•  recircularize  the  orbit 

•  correct  the  true  anomaly 


Efficiency.  In  comparison  to  other  space  propulsion  systems, 
the  advantage  of  shielded  coil  electrodynamic  propulsion  is  that  it  uses  no  propellant 
other  than  that  used  by  the  augmentation  thrusters.  Unfortunately,  this  advantage 
also  makes  comparing  electrodynamic  propulsion  with  other  conventional  propulsion 
systems  difficult.  The  specific  impulse,  /,p,  cannot  be  used  since  it  is  directly  related 
to  exhaust  velocity  of  the  propellant.  There  is  no  way  to  compare  shielded  coil 
electrodynamic  propulsion  in  this  manner. 


A  different  definition  of  efficiency  must  be  considered  for  the 
power  divided  by  input  power: 


V  = 


Pi 


SFP  —  output 
(6.58) 


Because  useless  out-of-plane  forces  are  produced  by  the  shielded  coil  electrodynamic 
propulsion  system,  this  definition  must  be  modified.  The  output  power  must  be 
multiplied  by  the  percent  of  the  total  force  generated  that  is  used  to  increase  the 
velocity  along  the  velocity  vector: 


Po  Fp-v 


(6.59) 


This  efficiency  can  be  compared  directly  against  rocket  engine  thrust  efficiency,  de¬ 
fined  as  the  thrust  power  divided  by  the  input  power  (40:2). 
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Figure  6.25  The  efficiency  of  the  electrodynamic  propulsion  system  varies  with  B 
and  i;  the  average  during  the  baseline  run  was  approximately  87%. 

The  efficiency  of  the  shielded  coil  electrodynamic  propulsion  system  varies  with 
the  £f-field  and  applied  current,  i.  The  5-field  affects  both  the  output  power  and  the 
percent  of  useful  force.  W^lste  heat  generated  by  the  shielded  coil  electrodynamic 
propulsion  increases  by  the  square  of  the  current.  Therefore  the  propulsion  system 
is  more  efficient  at  lower  currents. 

The  peak  efficiency  for  the  SFP  during  the  bciseline  run  (see  Figure  6.25)  is 
approximately  97%,  while  the  average  efficiency  is  approximately  87%.  The  shielded 
coil  electrodynamic  propulsion  system  ranks  the  highest  in  output/input  efficiency 
when  the  peak  efficiency  is  considered.  The  average  value  compares  very  well  with 
other  space  propulsion  systems  (see  Table  6.10).  Note  that  the  thruster  with  the 
highest  output/input  efficiency,  the  hydrazine  EHT,  has  the  lowest  /gp.  This  indi¬ 
cates  it  is  less  fuel  efficient  than  other  systems. 
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Thruster 

vi%) 

hp  is) 

Hydrazine  EHT 

90 

300 

Shielded  Coil  Electrodynamic  Propulsion 

87 

NA 

Hydrazine  Arcjet 

35 

Teflon  PPT 

5 

Xenon  SPT 

55 

Xenon  Ion  Engine 

65 

Xenon  Ion  Engine 

78 

Table  6.10  Efficiencies  of  various  propulsion  systems  (40:2).  The  shielded  coil  elec 
trodynamic  propulsion  system  ranks  second. 
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VIL  Electrical  Power 


7.1  SFP  Power  Requirements 

The  ultimate  success  of  the  power  system  is  its  ability  to  produce  large  quan¬ 
tities  of  power  over  long  periods  of  time  with  a  minimum  investment  in  mass.  Power 
management  of  the  SFP  can  be  broken  down  into  several  distinct  segments.  Power 
must  be  provided  to  the  following  systems:  propulsion,  truss  making,  servicing, 
external  tank  reduction  operations,  command  and  control  and  miscellaneous  power 
management.  Chapter  X  lists  the  various  operational  modes  of  the  SFP.  From  these, 
a  worst  case  scenario  for  power  usage  can  be  drawn.  Early  in  the  study,  it  bec2une 
apparent  that  this  worst  case  would  be  related  to  propulsion,  specifically  during  R- 
bar  maneuvering.  The  SFP  is  designed  so  that  currents  flowing  in  various  conductors 
interact  with  the  Earth’s  magnetic  field  to  produce  a  net  force  on  the  vehicle.  From 
the  equations  of  motion  outlined  in  Section  6.2.4  the  forces  required  to  propel  the 
SFP  are  determined.  Using  the  equations  provided  in  the  following  sections  of  this 
chapter,  the  currents  in  each  of  the  SFP  conductors  can  be  determined  from  the  re¬ 
quired  forces.  Once  the  currents  are  known,  the  power  required  can  be  determined. 
Once  a  power  level  is  chosen,  the  above  scheme  can  be  used  to  specifically  design  a 
vehicle. 

Obviously,  more  power  available  allows  for  greater  currents  in  the  conductors. 
The  greater  currents  can  be  used  to  generate  greater  forces,  resulting  in  a  more 
capable  SFP.  There  are  some  constraints  in  the  actual  selection  of  a  power  system 
that  must  be  considered.  The  tradeoff  analysis  that  led  to  the  selection  of  the  SFP 
power  system  is  located  in  Section  11.8.  The  result  of  this  analysis  was  the  selection 
of  a  70  kW  solar  dynamic  closed  Brayton  cycle  power  system.  Added  to  this  70  kW  is 
the  12  kW  of  power  provided  by  the  ASSET  photovoltaic  arrays  for  a  total  of  82  kW 
of  available  power.  A  description  of  this  design  is  included  in  the  next  section.  Note 
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Figure  7.1  Space  Station  Freedom  solar  dynamic  power  module.  The  main  compo¬ 
nents  are  shown  including  the  concentrator,  the  receiver,  the  radiator, 
and  the  interface  structure  (89). 

that  the  description  provided  is  the  actual  design  from  Space  Station  Freedom.  The 
SFP  design  differs  slightly  in  a  few  areas  that  will  be  annotated  later  in  Section  7.3. 

1.2  Space  Station  Freedom  Solar  Dynamic  Power  Module 

The  solar  dynamic  power  module  (SDPM)  consists  of  three  major  assemblies: 
the  solar  concentrator,  the  radiator  and  the  closed  Brayton  cycle  (CBC)  power  gen¬ 
eration  assembly.  The  SDPM  is  shown  in  Figure  7.1.  The  SDPM  was  designed  so 
that  two  modules  could  be  transported  in  one  shuttle  mission  (8:321).  The  system 
masses  are  shown  in  Table  7.1.  These  assemblies  must  be  mounted  outboard  on 
the  cross  integrated  truss  to  allow  for  pointing  and  sun  alignment  of  the  assembly. 
This  will  be  accomplished  with  the  following:  1)  An  alpha  joint  in  the  integrated 
cross  truss  will  allow  orbital  sun  tracking  about  the  SFP’s  63-axis.  A  more  complete 
description  is  provided  in  Section  9.2.  2)  A  beta  joint  between  each  power  module 
and  the  truss  will  permit  rotation  about  an  axis  normal  to  the  truss  for  se2isonal  sun 
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Subsystem 

Mass  kg 

Receiver 

Radiator 

Concentrator 

1485.5 

Power  Control  Unit 

Structure 

TOTAL 

5949.4 

Table  7-1  Space  Station  Freedom  solar  dynamic  system  masses. 

tracking.  3)  Two  axis  joints  are  provided  for  fine  pointing  the  concentrator  relative 
to  the  sun  and  the  receiver  (66:2). 

The  SDPM  does  not  have  a  steady  state  performance  condition.  Perfor¬ 
mance  is  transient  due  to  variations  in  orbital  altitude,  position  in  orbit  (in  sun 
or  eclipse),  seasonal  variation  in  solar  insolation  and  degradation  of  the  :ollector 
performance  (8:325).  To  meet  the  net  power  output  of  25  kW  the  gross  electrical 
power  at  the  alternator  must  be  a  minimum  of  32.15  kW. 

7.2.1  Solar  Concentrator.  The  solar  concentrator  is  an  offset  parabolic 
design  consisting  of  19  hexagonal  truss  panels  with  triangular  facets  mounted  within 
the  hexes  and  is  shown  in  Figure  7.2  (8:320).  The  concentrator  focuses  the  solar  en¬ 
ergy  into  the  receiver  located  at  its  focal  point.  This  configuration  minimizes  shad¬ 
owing  and  permits  the  SDPM  center  of  mass  to  be  located  near  the  truss  structure 
minimizing  potential  dynamic  and  control  problems.  The  concentrator  structure  is 
connected  to  the  module  by  six  struts  mounted  on  a  two  axis  gimbal  which  is  driven 
by  redundant  actuators  for  pointing  and  control.  Approximately  30  meters  of  truss 
are  necessary  to  allow  the  concentrator  assembly  to  swivel  on  the  beta  gimbal  with¬ 
out  encountering  any  obstructions  and  to  prevent  any  shadowing  by  other  portions 
of  the  SFP. 

7.2.2  Radiator.  The  radiator  accepts  the  waste  heat  rejected  by  a  working 
fluid  through  the  use  of  a  gas  coolant  liquid  (Flourinal  FC-75).  The  radiator  package 
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Figure  7.2  The  solar  dynamic  concentrator  is  an  offset  pairabola  with  19  hexagonal 
panels  (73). 

consists  of  eight  panels  2.3  x  8  m.  Deployment  is  accomplished  by  a  scissors  type 
mechanism  similar  to  the  one  used  on  Skylab’s  arrays  (see  Figure  7.1). 

T.2.3  Power  Generation  Assembly.  The  CBC  operates  with  a  helium 
xenon,  He—Xe,  mixture  he  i  ^d  in  the  receiver  heat  exchanger  and  expanded  through 
a  turbine  which  provides  the  shaft  power  to  drive  the  compressor  and  generator.  Most 
of  the  gas  exiting  the  turbine  is  recycled  by  the  recuperator  and  used  to  preheat  the 
gas  entering  the  receiver.  Other  components  include  a  controller  and  an  accumulator. 
The  actual  size  of  the  Space  Station  Freedom  design  is  shown  in  Figure  7.3  and  an 
overaJl  view  of  the  power  conversion  unit  can  be  seen  in  Figure  7.4.  This  CBC 
power  conversion  unit  is  a  derivative  of  the  well  known,  technicedly  mature,  gas 
turbine  cycle  used  for  auxiliary  power  units  on  military  and  commercial  aircraft. 

7.2.3. 1  Receiver.  The  concentrated  solar  flux  is  admitted  through 
a  43.2  cm  diameter  aperture  in  the  receiver  face.  The  receiver  contains  82  tubes 
carrying  the  working  fluid  that  absorbs  solar  energy  (see  Figure  7.5).  These  tubes 
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Figure  7.3  Dimensions  of  the  power  generation  assembly  —  an  approximate  4  m 
long  by  1  m  wide  barrel  (73). 


Figure  7.4  Power  conversion  unit.  Figure  shows  the  relative  size  of  the  unit  in 
relation  to  the  receiver  (73). 


7-5 


Figure  7.5  Solar  dynamic  power  module  receiver.  Solar  flux  enters  the  receiver 
through  the  aperture  and  heats  the  working  fluid  flowing  through  the 
tubes  as  shown  (73). 


Figure  7.6  Solar  dynamic  power  module  receiver  with  a  view  of  the  working  fluid 
tubes  and  the  salt  containment  canisters  (73). 


are  surrounded  by  canisters  containing  a  salt.  The  salt  is  a  eutectic  mixture  of 
lithium  fluoride-calcium  di-fluoride,  LiF  —  CaF’2,  that  operates  as  a  phaise  change 
material  (see  Figure  7.6  for  an  illustration  of  the  canisters).  The  latent  heat  of 
fusion  of  this  salt  provides  thermal  energy  storage  for  use  during  the  eclipse  portion 
of  the  orbit.  During  sunlight  the  salt  approaches  a  fully  liquid  state.  During  eclipse 
it  begins  to  solidify.  In  this  state  the  temperature  remains  fixed  at  767“C  and  is 
used  to  heat  the  working  fluid  (85:247).  The  containment  canisters  of  the  salt  are 
structurally  designed  to  minimize  the  highly  predictable  long  term  creep  and  the 
actual  design  lifetime  is  in  excess  of  30  years  (8:323). 
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Speed 

32,000  rpm 

Compressor  diameter 

16.51  cm 

Turbine  diameter 

19.43  cm 

Alternator  rotor  Diameter 

12.12  cm 

Table  7.2  Turbomachinery  design  specifications.  Note  the  small  size  of  the  actual 
rotating  parts. 

7. 2. 3. 2  Turbomachinery.  The  Turbomachinery  involved  in  the  unit 
are  a  radial  compressor,  solid  alternator  rotor,  and  a  radial  flow  turbine  suspended 
on  compliant  foil  bearings  that  use  the  inert  working  geis  as  the  lubricant  (8:324) 
(see  Figure  7.7).  Pneumatic  separation  of  the  bearings  from  the  rotor  results  in 
no  metal-to-metaJ  contact  thereby  increasing  the  lifetime.  The  rotor  is  the  only 
continuously  moving  part  in  the  power  system.  The  turbine  and  compressor  ratios 
axe  low,  less  than  two  to  one,  allowing  very  rugged,  single  stage  eierodynamic  wheels. 
Some  specifications  are  included  in  Table  7.2. 

7. 2. 3. 3  Recuperator.  The  recuperator  is  a  gas-to-gas  heat  exchanger 
which  recovers  energy  from  the  turbine  exhaust  to  heat  the  compressor  discharge 
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flow  prior  to  final  heating  in  the  receiver  (see  Figure  7.4).  This  has  three  beneficial 
results: 

•  a  reduction  in  the  amount  of  heating  required  in  the  receiver  reducing  the 
necessary  size  of  the  concentrator 

•  a  reduction  in  the  quantity  of  thermal  energy  storage  for  the  eclipse 

•  a  reduction  in  the  amount  of  waste  heat  to  be  rejected  reducing  the  size  of  the 
radiator  (8:324) 

Controller.  The  controller  maintains  a  constcint  speed  on  the 
turbomachine  by  a  parasitic  load  radiator  which  dissipates  any  excess  power.  This 
is  accomplished  by  sensing  the  alternators  frequency.  Power  generated  varies  based 
on  how  the  receiver  and  the  power  conversion  unit  accommodate  solar  flux.  At  an 
inclination  of  28.5°,  this  power  ranges  from  33.15  kW  in  a  300  km  orbit  to  36.42  kW 
in  a  500  km  orbit  (8:324). 

7.3  SFP  Solar  Dynamic  Power  Module 

The  SFP  operation  showed  a  need  for  power  levels  in  excess  of  50  kW ;  therefore, 
two  Space  Station  Freedom  modules  would  not  be  enough.  Two  CBC  solar  dynamic 
power  modules  providing  35  kW  each  were  chosen  to  augment  ASSET  power  to  bring 
the  total  power  available  to  the  SFP  to  82  kW.  The  35  kW  modules  chosen  axe  the 
same  basic  configuration  as  the  previously  described  Space  Station  Freedom  modules 
with  the  following  exceptions:  LiF  salt  is  the  thermal  energy  storage  medium,  the 
turbine  inlet  temperature  is  increased  (1,086  K  versus  1,006  K),  the  concentrator 
structure  is  made  lighter,  and  some  other  masses  are  changed  due  to  modifications 
made  to  accommodate  the  new  thermal  energy  storage  medium  (89:19). 

LiF  has  a  32%  greater  heat  of  fusion  potential  than  LiF  —  CaF2  (Space  Sta¬ 
tion  Freedom  salt)  but,  this  advantage  is  partially  offset  by  a  16%  higher  specific 
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Subsystem 

Receiver 

Radiator 

msm 

Concentrator 

845 

Power  Control  Unit 

1010 

Structure 

486 

TOTAL 

5067 

Table  7.3  SFP  Solar  dynamic  system  weights. 

volume  (89:309).  A  higher  fraction  of  efficiency  is  realized  due  to  the  melting  temper¬ 
ature  of  LiF  being  79° K  greater  than  that  LiF  —  CaF-i.  This  higher  temperature 
forces  different  materials  to  be  used  in  the  construction  of  the  receiver.  Different 
alloys  actually  resulted  in  a  reduction  in  receiver  mass  as  shown  in  Table  7.3.  In 
general  most  of  the  receiver  design  is  identical  to  the  Space  Station  Freedom  re¬ 
ceiver  except  for  the  wall  thickness  and  material,  aperture  area,  and  aperture  shield 
thickness  (89:61). 

The  largest  reduction  in  weight  over  the  Space  Station  Freedom  design  ceune 
in  the  concentrator.  The  SFP  concentrator  has  the  same  shape  and  size,  but  the 
supporting  structure  was  made  lighter  with  new  materials.  The  higher  concentration 
ratios  necessary  for  higher  temperature  operation  in  the  receiver  required  smaller 
reflective  segments  in  the  truss  hex  design  (89:54). 

This  35  kW  design  provides  22%  more  power  than  the  Space  Station  design 
with  only  the  minor  changes  stated  above.  The  higher  cycle  performance  was  due  to 
the  increased  operating  temperature.  The  size  of  the  module  is  virtually  unchanged 
but  a  benefit  of  new  materials  provided  a  weight  reduction. 

7.4  SFP  Power  Demand  Calculations 

The  two  module  design  of  the  SFP  provides  70  kW  which  adds  to  the  12  kW 
provided  by  the  ASSET  arrays.  This  82  kW  must  be  distributed  to  the  previously 
mentioned  systems.  The  SFP  was  designed  around  this  available  power  constraint. 
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The  actual  power  demands  of  the  SFP  are  related  to  propulsion,  truss  making  and 
a  variety  of  ‘base  power’  items.  How  the  actual  power  demtinds  were  determined  is 
discussed  in  the  following  sections. 

7.5  Power  for  Propulsion 

The  power  necessary  for  propulsion  alone  can  be  broken  into  three  main  modes 
of  operation: 

•  orbit  transfer 

•  orbit  maintenance  (overcoming  aerodynamic  drag) 

•  i2-bar  maneuvering 

In  the  orbit  transfer  mode  of  operation,  conductors  Cl  and  C2  are  positioned  in 
the  radial  direction  to  provide  thrust  and  are  the  primary  power  drain  during  this 
operation.  For  simple  orbit  maintenance,  conductor  C5  is  oriented  in  the  radial 
direction  to  provide  counteracting  thrust  —  the  primary  power  drain.  In  the  case  of 
iZ-bar  maneuvering,  all  conductors  interact  with  the  Earth’s  magnetic  field  to  one 
degree  or  another  depending  on  the  exact  orientation  of  the  SFP.  All  conductors 
must  then  be  considered  in  the  power  analysis.  The  MATLAB  programs  discussed 
in  Chapter  VI  were  used  to  calculate  power  requirements  for  the  iZ-bar  and  orbit 
transfer  maneuvers. 

7.5.1  Power  for  Orbit  Transfer.  There  are  two  possible  methods  to 
calculate  the  power  requirements  for  an  SFP  orbit  transfer.  The  first  is  through  the 
force  on  the  platform.  Recall  from  Section  6.2.2.4  that  the  force  on  the  conductor  is 
given  as: 

F  =  niLxB  (7.1) 
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The  rate  of  orbital  energy  increase  or  decrease  (depending  on  the  direction  of  the 
current  flow)  is  (55:343): 

P^FV  (7.2) 

where  P  is  the  power,  and  V  is  the  velocity.  This  approach  assumes  that  the  cur¬ 
rent  flow  and  conductor  length  are  known  quantities.  In  designing  the  SFP,  these 
quantities  were  unknown  initially.  They  depend  upon  the  required  capabilities  and 
configuration  of  the  SFP. 

The  second  method  for  power  determination  uses  Equation  7.1  along  with  the 
following  analysis.  These  equations  were  used  iteratively  as  part  of  the  SFP  design 
process. 

The  voltage  induced  across  a  straight  conductor  moving  through  a  uniform 
magnetic  field  is  (63:119): 


Knj  =  Ei^  ■  L  =  {vx  B)-L 


(7.3) 


Find  =  the  electrical  field  induced  across  the  conductor 
V  =  the  velocity  of  the  conductor  relative  to  the  magnetic  field 
B  =  the  magnetic  field 
L  —  the  effective  length  of  the  conductor 

The  induced  voltage  is  a  function  of  orbit  edtitude,  inclination,  position  in  orbit, 
and  position  of  the  orbit  plane  with  respect  to  the  geomagnetic  field.  If  the  SFP  is 
unpowered,  current  flows  strictly  due  to  the  voltage  induced  by  the  platforms  orbital 
motion  through  the  Earth’s  magnetic  field.  A  complete,  closed  circuit  allows  this 
current  to  flow.  In  the  case  of  an  unpowered  SFP,  induced  current  flows  downward 
for  eastward  orbital  motion  to  produce  a  braking  force  on  the  vehicle  in  accordance 
with  Equation  7.1.  To  operate  the  system  as  a  thruster,  a  high  voltage  dc  power 
supply  is  required  to  provide  a  voltage  greater  than  the  voltage  induced  in  the  wire 
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by  the  magnetic  field.  This  will  force  the  current  to  flow  upward  and  provide  a 
thrusting  force. 


The  velocity  in  the  preceding  equation  is  the  vehicle  orbital  velocity  minus  the 
velocity  of  the  co- rotating  magnetic  field  (49:C.l).  For  a  circular,  equatorial  orbit 
this  is  approximated  as:  _ 


V  = 


-u)^r 


(7.4) 


G  =  the  gravitational  constant 
M0  =  the  mass  of  the  Earth 
r  =  the  orbital  radius 

uq  =  the  Earth’s  rotational  angular  velocity 


For  low  inclination  orbits  this  equation  is  approximately  correct  and  can  be 
used  for  illustrative  purposes.  Note  that  no  voltage  is  induced  if  the  conductor  is 
perpendicular  to  the  induced  electric  field.  When  the  induced  electric  field  is  parallel 
to  L  the  induced  voltage  is  (49:C.l): 

=  (7.5) 

Assuming  that  the  length  of  the  conductor  (in  the  case  of  orbit  tremsfer,  conductors 
Cl  and  C2)  can  be  oriented  to  be  perpendicular  to  the  B-field,  and  the  velocity 
direction  throughout  the  orbit,  then  the  induced  voltage  will  be  the  scalar  product 
shown  above.  Concept  development  studies  have  shown  the  induced  voltage  can  vary 
from  a  minimum  of  113  V/km  to  a  maximum  of  207  V/km  at  an  orbital  altitude 
of  500  km  (59:463).  These  values  are  even  greater  at  altitudes  below  500  km.  This 
induced  voltage  must  be  overcome  by  the  power  supply  if  a  thrusting  force  is  desired. 
Using  the  circuit  illustrated  in  Figure  7.8  and  Kircholf’s  voltage  law,  this  can  be 
expressed  as: 

Up.  =  Knd  +  iRr.  (7.6) 
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Figure  7.8  Equivalent  circuit  for  thrusting  operations  of  the  SFP  utilizing  just  con¬ 
ductors  Cl  and  C2.  Note  that  current  flows  upward  in  an  orbital  sense 
due  to  the  fact  that  Ks  is  greater  than  Vind- 

Vpt  =  the  power  supply  voltage 

Vind  =  the  induced  voltage  across  the  conductor 

i  =  the  current  flowing  through  the  conductor 

Ru,  =  the  total  electrical  resistance  of  the  conductors  Cl  and  C2 

the  Cl  and  C2  conductors’  total  resistance,  is  the  total  length  of  the  con¬ 
ductors  times  the  resistance  per  unit  length  of  the  material.  Prior  to  this  study, 
most  work  in  this  area  concentrated  on  the  return  circuit  loop  flowing  through  the 
Earth’s  ionosphere.  The  resistance  of  the  ionosphere  as  well  as  that  of  the  neces¬ 
sary  plasma  magneto  generators  or  passive  emitters/collectors  is  not  well  known  or 
modeled  (55:357).  This  uncertainty  has  been  avoided  by  the  shielding  concept  which 
allows  the  return  loop  to  remain  aboard  the  SFP.  This  makes  the  resistance  of  the 
circuit  just  the  resistance  of  the  wire. 
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Figure  7.9  A  force  versus  velocity  plot  for  the  operation  of  the  SFP.  When  is 
greater  than  Vindi  current  flows  in  the  conductor  in  the  direction  for  a 
thrusting  force  (THRUSTING  region).  If  is  less  than  Vind,  current 
flows  in  the  conductor  in  the  direction  for  a  drag  force  (REGENERA¬ 
TION  region).  If  Vpa  is  connected  in  the  same  direction  as  Vind,  current 
flows  in  the  conductor  in  the  direction  for  a  larger  drag  force  (PLUG¬ 
GING  region). 


The  power  that  must  be  supplied  to  operate  the  system  eis  a  thruster  is  given 
by: 

Pps  =  iVind  +  PRtot  =  iVpa  (7.7) 

The  sizing  of  the  conductors  was  based  on  using  a  maximum  power  of  approximately 
77  kW  (82  kW  minus  5  kW  for  base  power). 

An  analogy  can  be  drawn  between  the  SFP  operation  and  the  operation  of  a 
dc  motor.  In  Figure  7.9,  force  versus  velocity  is  plotted  for  varying  voltages.  This  is 
similar  to  torque  versus  rotor  angular  speed  in  a  dc  motor.  When  the  voltage  of  the 
power  source  is  greater  than  Vind,  current  will  flow  in  the  direction  that  produces  a 
thrust  force  on  the  SFP.  The  magnitude  of  this  thrust  depends  on  how  much  greater 
Vpa  is  than  Vnd-  If  Vpa  —  Vnd,  then  no  thrust  or  drag  force  is  produced  and  no  power 
is  expended  since  no  current  is  flowing. 
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Up  to  this  point,  the  discussion  has  been  focused  on  thrusting  and  thereby 
increasing  the  SFP’s  altitude  in  orbit.  If  a  decrease  in  orbit  is  required,  a  net  negative 
for-  e  (opposite  the  velocity  direction)  must  be  applied  to  the  SFP  To  accomplish 
this,  current  must  flow  downward  in  conductors  Cl  and  C2.  If  is  less  than  Vind, 
then  current  will  attempt  to  flow  in  the  direction  that  produces  a  drag  force  on  the 
SFP.  This  situation  could  cause  problems  if  the  power  supply  is  connected  directly  to 
the  circuit  as  shown  in  Figure  7.8.  Some  type  of  intermediate  energy  storage/ release 
device  would  be  necessary  in  this  case,  to  allow  for  this  reverse  current  flow.  Normal 
power  supplies  do  not  allow  for  a  reverse  current  mode.  Because  of  the  naturally 
generated  current  from  Vi„di  this  vehicle  would  be  a  far  more  efficient  generator  than 
a  thruster.  The  problem  is  that  power  generation  takes  the  energy  from  the  orbit  by 
producing  a  drag  force.  Storing  this  energy  for  any  significant  period  of  time  would 
take  an  extremely  large  battery  mass.  This  option  was  not  considered  in  the  design 
study.  For  completeness,  a  discussion  of  this  possibility  is  included  in  the  following 
paragraph. 

If  a  battery  storage  device  were  present,  then  the  magnitude  of  the  drag  will 
depend  on  how  much  less  is  than  Knd-  If  Vps  equals  zero,  the  current  will 
flow  simply  due  to  K„d-  The  mode  of  operation,  0  <  <  K„d>  can  be  labeled 

‘regeneration’  since  orbital  energy  is  being  converted  to  electrical  energy  and  has 
the  potential  to  be  stored  and  used  later.  Current,  in  this  case,  will  be  in  the  drag 
direction  and  has  the  capability  to  be  quite  large  if  is  much  less  than  Vi„d.  If 
the  direction  of  the  power  supply  voltage  is  reversed  to  cause  current  to  flow  in 
the  drag  direction,  then  the  power  supply  voltage  and  the  induced  voltage  would 
be  cumulative  and  would  cause  very  large  current  flows  in  the  drag  direction.  This 
mode  of  operation  is  called  ‘plugging’  and  is  unachievable  with  the  SFP  design  due 
to  the  high  current  flows.  It  is  also  unnecessary  since  the  SFP  could  decay  its  orbit 
in  a  sufficient  period  of  time  due  strictly  to  being  less  than  K„d- 
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The  final  SFP  design  does  not  use  this  variable  voltage  battery  storage  method 
to  power  the  conductors  during  thrust  and  drag  operations.  It  was  decided  instead 
to  use  dynamic  braking  in  which  additiv.>nal  resistance  is  switched  into  the  circuit  to 
replace  the  power  supply.  This  however,  has  the  potential  for  heat  transfer  problems 
if  the  current  is  not  modulated  correctly.  The  SFP  is  designed  so  that  the  core 
temperature  of  the  shielded  wire  never  exceeds  438.0°C'.  This  restriction  was  placed 
so  that  the  danger  of  melting  the  conducting  wires  was  never  approached.  The 
analysis  of  this  heat  transfer  problem  is  discussed  in  Appendix  K.  The  current  flow 
that  corresponds  to  this  temperature  is  300  A.  Operation  in  the  drag  mode,  due 
to  Vind  alone,  makes  some  type  of  resistance  necessary  to  keep  current  flow  under 
this  level.  The  voltages  induced  by  motion  through  the  magnetic  field  would  cause 
current  flows  much  greater  than  this  limit  if  opposed  by  only  the  resistance  of  the 
wire.  For  example,  in  a  300  km  equatorial  orbit.  Equation  7.5  yields  an  induced 
voltage  of  1,927  volts.  Using  Vind  =  iRv>  yields  a  current  of  over  2,300  A  for  the 
SFP.  This  is  almost  am  order  of  magnitude  greater  than  the  SFP  design  constraint. 
Therefore  a  switch  is  provided  to  take  the  power  supply  out  of  the  circuit  for  drag 
operations  and  connect  a  variable  bank  of  resistors  in  its  place.  This  is  illustrated 
in  Figure  7.10.  A  variable  resistor  is  needed  to  modulate  the  current  flow  as  the 
5-field  changes.  A  minimum  resistance  of  5.59  fi,  in  addition  to  the  resistance 
provided  by  the  conductor  wires  themselves  (0.84  Q),  is  necessary  to  modulate  the 
current  below  300  A  at  an  altitude  of  300  km.  The  SFP  uses  a  variable  resistance 
bank  that  modulates  the  current  flows  from  0.1  to  300  A  in  conductors  Cl  and 
C2.  At  higher  altitudes  these  resistances  will  be  less  due  to  the  decrease  in  induced 
voltage.  Therefore  the  minimum  resistance  necessary  will  be  lower  than  the  value 
stated  for  300  km.  The  actual  resistance  needed  for  modulation  of  current  varies 
from  20,000  ft  down  to  approximately  1  O  over  the  altitudes  of  300-500  km.  The 
forces  corresponding  to  these  values  v-ary  from  0.027  N  up  to  80.19  N  at  300  km 
and  0.009  N  up  to  28.81  N  at  500  km. 
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Figure  7.10  Equivalent  circuit  for  orbit  transfer  drag  maneuvering  operations  of  the 
SFP  utilizing  conductors  C\  and  C'2.  A  switch  is  provided  to  take  the 
power  supply  out  of  the  circuit  and  replace  it  with  a  variable  resist2uice, 
Ry.  This  allows  for  modulation  of  current  flows, 

7.5.2  Power  for  R-har  Maneuvering.  71- bar  maneuvering  used  the  same 
analysis  as  described  in  the  previous  section  with  the  exception  that  all  conductors 
were  included  in  the  model.  For  a  typical  R-hax  maneuver,  conductor  C5  is  in  the 
radial  direction,  and  is  the  primary  contributor  to  any  induced  voltage  problems  due 
to  the  orbital  velocity  of  the  vehicle.  With  varying  degrees  of  roll,  pitch  and  yaw, 
other  conductors  can  place  a  significant  component  of  their  length  in  the  radial  direc¬ 
tion  and  can  therefore  greatly  increase  power  requirements  through  larger  induced 
voltages.  It  was  recognized  early  in  the  design  process  that  this  situation  would  drive 
the  major  power  concerns  of  the  study.  Figure  7.11  provides  an  illustrative  circuit 
diagram  that  will  help  explain  the  power  situation  for  an  72-bar  maneuver.  Although 
some  individual  conductors  have  current  flowing  in  the  drag  direction,  the  overall 
force  necessary  causes  a  thrusting  current  out  of  the  power  supply.  This  situation  is 
unique  to  72-bar  maneuvering.  The  opposite  direction  currents  being  generated  by 
dragging  conductors  can  then  be  used  in  thrusting  conductors,  reducing  the  overall 
power  demand. 


7-17 


Figure  7.11  Equivalent  circuit  for  /2-bar  maneuvering  operations  of  the  SFP  uti¬ 
lizing  conductors  Cl  through  CIO.  Conductors  Cl  through  C5  can 
have  induced  voltages  because  they  are  partially  shielded.  They  are 
the  first  five  loops  shown  in  the  above  figure.  Conductors  C6  through 
CIO  cannot  have  induced  voltages  because  they  are  totally  unshielded 
coils.  They  are  the  second  five  loops  shown  in  the  above  figure  and  are 
modeled  as  simple  resistances. 

7.5.5  Orbit  Maintenance.  At  300  Arm,  aerodynamic  drag  losses  cause 
the  SFP  to  decrease  its  orbit  14  Arm  over  a  four  day  period.  This  is  a  worst  case 
profile  of  the  SFP.  Refer  to  Section  6.2.1  for  a  complete  discussion  and  analysis  of 
this  subject.  The  nominal  configuration  of  the  SFP  is  with  conductor  C5  in  the 
radial  direction.  Overcoming  drag  at  300  Arm  (the  lowest  operational  altitude)  costs 
15.0  kW  of  continuous  power  for  an  inclination  of  28.5°  and  13.8  kW  for  an  equatorial 
orbit.  The  power  drain  for  orbit  maintenance  reduces  as  the  SFP  gains  altitude 
due  to  the  reduction  in  drag.  This  is  counteracted  however,  by  a  reduction  in  the 
strength  of  the  5-field.  At  500  Arm  (the  highest  operational  altitude),  the  necessary 
power  to  overcome  drag  forces  is  14.5  kW  and  13.2  kW  for  28.5°  and  equatorial 
orbits  respectively.  At  this  altitude  drag  forces  would  decrease  an  unpowered  SFP’s 
altitude  by  only  3  Arm  in  a  four  day  period. 


7.6  Truss  Maker  and  Other  Equipment  Power 

The  power  required  to  run  the  following  is  included  in  this  section: 


•  truss  maker  —  welder,  drive  wheels,  graspers,  etc. 

•  SFP  servicing  system 

•  control  and  communications 

•  miscellaneous 

The  truss  maker  and  its  associated  equipment  use  7  kW  when  operating  at  the 
maximum  rate.  The  SFP  servicing  system  takes  a  maximum  power  of  2  kW.  The 
docking  system  is  modeled  as  utilizing  up  to  2  kW  during  docking  operations.  Since 
the  docking  system  will  be  utilized  for  only  a  short  period  of  time,  this  amount 
can  be  included  with  the  servicing  system  power  drains.  A  base  power  will  be 
needed  for  teleoperation,  communications  links,  lights  and  cameras  as  well  as  other 
miscellaneous  needs.  Due  to  the  complexity  of  the  SFP,  5  kW  of  power  is  reserved 
for  this  need. 

7. 7  Overall  SFP  Power  Usage 

It  is  difficult  to  quantify  the  exact  power  being  drawn  by  an  SFP  subsystem 
at  any  instant  in  time.  Its  fabrication  capability  means  that  it  operates  in  a  diverse 
and  dynamic  manner.  As  such,  rather  than  provide  a  detailed  list  of  power  drains, 
a  worst  case  analysis  will  be  used.  In  other  words  the  power  used  at  theoretical 
maximum  usage  of  the  particular  subsystems  will  be  added  together  to  give  a  total 
demand. 

It  was  determined  during  the  ASSET  study  that  actual  salvage  of  material 
from  an  external  tank  should  occur  at  an  altitude  of  300  km  and  would  require 
approximately  five  days.  Power  concerns  for  the  SFP  during  reduction  operations  is 
summarized  in  Table  7.4.  During  salvage  operations,  power  concerns  are  related  to 
external  tank  reduction,  base  power  concerns,  and  orbit  maintenance.  This  requires 
34  kW  of  power,  leaving  48  A:  IF  available.  If  necessary  the  truss  maker  could  be 
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SFP  System 

Power  Used  kW 

Reduction  Equipment 

12 

Command,  Control  and  Communications 

5 

Servicing  System 

2 

Orbit  Maintenance 

15 

TOTAL 

34 

Table  7.4  Power  concerns  for  the  SFP  during  salvage  operations  at  300  km. 

operated  concurrently  with  external  tank  reduction.  This  would  be  done  as  material 
becomes  available  and  would  drain  an  additional  7  kW  from  the  power  supply. 

Subtracting  out  the  5  kW  of  base  power  leaves  a  total  of  77  kW  available  for 
propulsion  to  accomplish  an  orbit  transfer  or  an  R-h&r  maneuver.  This  is  an  adequate 
amount  of  power  to  achieve  the  required  performances  and  capabilities  outlined  in 
Section  3.2.  With  conductors  Cl  and  C2  in  the  radial  direction,  an  orbit  transfer, 
with  a  full  payload  of  one  external  tank,  from  300-500  km  can  be  accomplished 
in  18.74  days  for  an  inclined  orbit  of  28.5°.  Without  an  external  tank  it  takes  just 
11.98  days.  These  are  constant  power  transfers;  the  current  is  modulated  to  maintain 
this  power  level  as  the  fi-field  changes.  If  time  to  transfer  is  not  critical,  the  power 
available  for  propulsion  can  be  reduced  and  other  activities  can  be  undertaken.  In 
other  words,  trusses  can  be  made  while  enroute  to  their  final  destination.  Truss 
making  uses  7  kW  of  power  for  a  time  period  of  approximately  2  days.  This  would 
leave  70  kW  for  propulsion  for  the  first  2  days  and  thereafter  77  kW.  This  would 
not  significantly  affect  the  stated  time  to  transfer. 

For  an  orbit  reduction,  only  the  5  kW  of  base  power  is  used  by  the  SFP.  All 
forces  on  the  vehicle  are  provided  by  the  induced  currents  flowing  in  conductors  Cl 
and  C2.  If  modulated  to  a  constant  flow  of  100  A  the  transfer  from  500  to  300  km 
would  take  only  15  days.  If  run  at  300  A,  transfer  would  occur  in  only  3  days,  but 
heat  transfer  problems  could  possibly  occur  in  the  resistor  for  this  level. 
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1.8  Power  Summary 

The  result  of  the  power  survey  and  trade  off  analysis  was  a  70  kW  closed 
Brayton  cycle  that  augments  the  12  kW  of  available  ASSET  power.  This  82  kW  of 
power  available  was  metered  to  the  various  subsystems  of  the  SEP.  This  level  of  power 
greatly  influenced  the  actual  design  process  of  the  SFP  discussed  in  Section  6.3. 
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VIII.  Remote  Manipulators 

8. 1  Introduction 

The  assembly  and  mission  ready  operations  of  the  SFP  depend  heavily  on 
remote  manipulators.  This  chapter  conceptually  identifies  the  two  manipulator  sys¬ 
tems  for  the  SFP:  the  servicing  system  and  the  docking  system.  Both  systems  are 
derived  from  the  component.^  of  the  proposed  mobile  servicing  system  developed  for 
Space  Station  Freedom  by  SPAR  Canada.  The  Space  Station  Freedom  system  is  a 
natural  extension  of  the  already  proven  shuttle  remote  manipulator  system. 

When  applicable,  the  component  associated  with  the  Space  Station  Freedom 
system  will  be  identified  to  assist  in  the  explanation  of  the  component  proposed  for 
the  SFP.  Many  of  the  operating  limits  and  procedures  for  the  Space  Station  Freedom 
system  are  still  in  the  design  phase.  Those  operating  limits  and  procedures  that  have 
been  resolved  serve  only  as  realistic  guidance  for  their  use  in  this  application.  They 
do  not  limit  the  SFP  systems  in  this  conceptual  analysis.  Future  engineering  for 
specific  applications  on  the  SFP  is  required. 

8.2  Servicing  System 

8.2.1  Purpose.  Similar  to  the  mobile  servicing  system  of  the  Space 
Station  Freedom  (42:7.2),  the  servicing  system  of  the  SFP  will  play  a  predominant 
role  in: 

•  construction  and  assembly 

•  maintenance  and  servicing 

•  monitoring  and  inspecting 

•  truss  making 

•  payload  handling 

•  EVA  support 
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8.2.2  Components  and  Procedures.  The  servicing  system  consists  of  two 
independent  manipulator  systems  primarily  assigned  to  each  side  of  the  main  inte¬ 
grated  truss.  A  complete  manipulator  system  is  comprised  of  the  following  primary 
components: 

•  a  mobile  base 

•  a  heavy  manipulator 

•  a  dextrous  manipulator 

The  two  ends  of  the  heavy  manipulator  possess  heavy  latching  devices.  A  heavy 
latching  device  is  an  end  effector  for  grappling  heavy  grapple  fixtures.  Figure  8.1 
utilizes  a  Space  Station  Freedom  illustration  to  identify  the  primary  components  of 
one  SFP  manipulator  system  and  the  associated  grappling  mechanisms. 

Figure  8.2  utilizes  an  illustration  of  a  Space  Station  Freedom  power  and  data 
grapple  fixture  to  identify  a  heavy  grapple  fixture  for  the  SFP.  The  heavy  grapple  fix¬ 
ture  is  made  up  of  two  components:  a  circular  base  with  a  0.65  m  radius,  and  a  screw 
on  guide  post  with  a  0.27  m  length.  On  Space  Station  Freedom,  the  grapple  fixture 
is  designed  to  withstand  moments  of  4,270  N  ■  m  and  loads  of  1,000  N  (82:D.ll- 
D.15).  Figure  8.3  identifies  a  heavy  latching  device  in  a  pre-grapple  or  post-grapple 
position. 

The  result  of  grappling  a  heavy  grapple  fixture  is  the  rigidization  of  the  heavy 
manipulator  to  an  object.  The  object  may  be  a  payload  or  a  structure  secured  to  the 
SFP  (anything  with  a  heavy  grapple  fixture).  If  the  appropriate  electrical  connectors 
have  been  installed  in  the  grapple  fixture,  power,  data,  and  video  can  be  transmitted 
for  controlling  the  heavy  manipulator.  In  figure  8.1,  one  latching  device  of  the  heavy 
manipulator  is  grappled  to  a  heavy  grapple  fixture  on  the  mobile  base  and  the  other 
latching  device  is  grappled  to  a  heavy  grapple  fixture  on  the  dextrous  manipulator. 
The  words  primarily  assigned  were  chosen  because  the  heavy  latching  devices  on 
each  end  of  the  heavy  manipulator  can  grapple  any  heavy  grapple  fixture  associated 
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Figure  8.1  One  complete  manipulator  system.  The  servicing  system  of  the  SFP 
consists  of  two  independent  manipulator  systems  primarily  assigned  to 
each  side  of  the  main  integrated  truss  (82). 
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Figure  8.2  The  heavy  grapple  fixture  provides  a  grasp  area  and  guide  post  for  a 
heavy  latching  device.  When  integrated  with  the  appropriate  electrical 
connectors,  it  can  facilitate  the  transmission  of  power,  data,  and  video 
for  controlling  a  manipulator  (82). 
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Figure  8.3 


A  heavy  latching  device  in  a  pre-grapple  or  post-grapple  position. 
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Figure  8.4  The  Space  Station  Freedom  mobile  base  attached  to  its  integrated  truss. 

The  remainder  of  the  manipulator  system  can  be  mounted  to  the  mobile 
base,  and  the  entire  system  can  traverse  the  length  of  the  integrated 
truss  (82). 

with  the  SFP.  There  is  no  requirement  for  the  heavy  manipulator  to  remain  grappled 
to  the  mobile  base  or  to  the  dextrous  manipulator. 

8.2.2. 1  Mobile  Bases.  Mobile  bases  for  the  SFP  are  attached  to  rails 
on  the  integrated  trusses.  Figure  8.4  is  a  Space  Station  Freedom  illustration  of  a 
mobile  base  attached  to  an  integrated  truss.  With  a  heavy  manipulator  grappled  to 
a  mobile  base,  and  a  dextrous  manipulator  grappled  to  the  heavy  manipulator,  the 
manipulator  system  is  capable  of  traversing  the  entire  length  of  an  integrated  truss. 
It  can  perform  or  assist  with  work  anywhere  within  its  expanded  reach. 

There  are  four  mobile  bases  planned  for  the  SFP:  one  on  each  side  of  the 
main  integrated  truss  and  one  on  each  of  the  cross  integrated  trusses.  They  will 
provide  the  two  heavy  manipulators  and  two  dextrous  manipulators  with  mobility 
throughout  the  platform.  When  a  manipulator  system  is  configured  on  the  main 
integrated  truss,  it  will  primarily  assist  with  truss  making  operations,  and  when  a 
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manipulator  system  is  configured  on  a  cross  integrated  truss,  it  will  primarily  assist 
with  power  system  servicing. 

Similar  to  the  mobile  remote  servicer  base  and  the  mobile  transporter  of  the 
Space  Station  Freedom  (61:341),  the  mobile  base  of  the  SFP  provides: 

•  an  EVA  workstation  for  direct  control  of  the  grappled  manipulators 

•  an  umbilical  for  external  control  of  the  grappled  manipulators 

•  space  for  storing  dextrous  manipulator  tools 

•  attachment  points  for  transporting  payloads 

•  cameras  and  lighting  for  automatic  tracking  and  grappling 

•  cameras  and  lighting  fo  monitoring  and  inspecting  operations 

8. 2.2. 2  Heavy  Manipulators.  The  heavy  manipulators  of  the  SFP 
are  identical  to  the  Space  Station  Frceciom  remote  manipulator  in  appeau-ance  and 
functions  (see  Figure  8.5).  They  are  17.6  m  serial  linked  manipulators  with  seven 
rotary  joints.  Three  wrist  joints  are  clustered  at  each  end  and  one  elbow  joint  is  in  the 
middle.  From  the  elbow  joint  out  to  the  heavy  latching  device  on  each  wrist,  they 
are  completely  symmetrical  and  identical  in  functions.  Because  of  the  previously 
described  capability  to  transmit  power,  data,  and  ’/ideo  information  through  the 
heavy  grapple  fixtures  into  the  heavy  latching  devices,  appropriately  placed  and 
electrically  configured  heavy  grapple  fixtures  can  command  a  heavy  manipulator  to 
walk  around  the  SFP. 

As  the  name  implies,  the  heavy  manipulator  is  designed  for  manipulating  heavy 
objects.  Heavy  objects  associated  with  the  SFP  are  objects  with  a  mass  in  excess 
of  1,000  kg.  The  Space  Station  Freedom  remote  manipulator  is  being  designed 
to  manipulate  payloads  as  massive  as  136,000  kg  (71:34).  Also  similar  to  Space 
Station  Freedom  applications  (79:38-39),  the  heavy  manipulator  of  the  SFP  has  the 
capability  to  grapple  heavy  payloads  and  transport  them  across  the  platform  via  the 
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Figure  8.5  One  17.6  m  heavy  manipulator  with  seven  joints.  It  is  symmetrical 
about  the  elbow  joint  and  can  grapple  any  heavy  grapple  fixture  (82). 

mobile  base.  It  can  extend  the  reach  and  subsequent  capabilities  of  the  dextrous 
manipulator,  and  it  can  carry  a  suite  of  cameras  and  lighting  for  automatic  tracking 
and  grappling,  or  monitoring  operations. 

8. 2. 2. 3  Dextrous  Manipulators.  The  dextrous  manipulators  of  the 
SFP  are  modeled  after  the  special  purpose  dextrous  manipulator  of  the  Space  Station 
Freedom  (see  Figure  8.6).  Each  manipulator  consists  of  a  base,  an  articulated  body, 
two  seven  degree  of  freedom  arms,  and  a  head  with  cameras  and  lights.  The  base 
section  has  a  heavy  apple  fixture  on  one  end  to  allow  grappling  with  the  heavy 
manipulator.  The  other  end  of  the  base  section  has  a  fully  functional  heavy  latching 
device  of  its  own.  This  gives  a  heavy  manipulator  the  capability  to  grapple  objects 
via  the  base  of  the  dextrous  manipulator.  The  dextrous  manipulator  can  work  on 
the  heavy  objects  while  they  are  attached  in  this  feishion.  If  a  heavy  grapple  fixture 
is  appropriately  configured  with  electrical  connectors,  and  a  dextrous  manij  dator 
is  grappled  to  it,  the  dextrous  manipulator  can  be  commanded  through  the  heavy 
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Figure  8.6  One  dextrous  manipulator.  It  can  grapple  any  heavy  or  dextrous  grapple 
fixture  and/or  be  grappled  by  the  latching  device  of  a  heavy  manipula¬ 
tor  (61). 

grapple  fixture.  It  does  not  have  to  be  grappled  with  a  heavy  manipulator  or  a 
mobile  base. 

The  body  of  the  dextrous  manipulator  can  fold  or  unfold  to  allow  access  to 
difficult  work  areas.  It  also  serves  as  a  storage  rack  for  the  many  tools  that  can  be 
attached  to  the  manipulator  arms.  The  proposed  tools  for  the  dextrous  manipulators 
are: 


•  dextrous  latching  device 

•  non-standard  grcisping  device 

•  socket  drive 

•  grapple  fixture  guide  post  removal  and  replacement  tool 

The  dextrous  latching  device  facilitates  grappling  an  object  with  a  dextrous 
grapple  fixture.  This  feature  allows  a  dextrous  manipulator  to  transport  low  m^'  >s 
objects  (objects  less  than  1,000  kg)  or  rigidize  with  objects  to  increase  precision  for 
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work  with  the  other  manipulator  arm.  When  precision  is  required,  one  arm  acts 
as  a  stabilizer  for  the  other.  The  dextrous  grapple  fixture  is  identical  to  the  heavy 
grapple  fixture  in  appearance  and  ultimate  function.  It  is  lighter  and  smaller  than 
a  heavy  grapple  fixture,  and  does  not  have  electrical  connectors.  The  dimensions 
of  the  dextrous  grapple  fixture  are  a  0.30  m  radius  base,  and  a  0.10  m  guide  post 
length. 

The  non-standard  grasping  device  gives  a  dextrous  manipulator  a  limited  ca¬ 
pability  to  grasp  an  object,  or  an  area  of  an  object,  that  does  not  have  a  dextrous 
grapple  fixture.  It  resembles  a  small  vice  grip  in  appearance  and  function. 

The  socket  drive  allows  the  dextrous  manipulator  to  manipulate  a  standard 
head  bolt. 

The  grapple  fixture  guide  post  removal  and  replacement  tool  screws  the  guide 
post  in  and  out  of  both  the  heavy  and  dextrous  grapple  fixture.  It  is  used  extensively 
in  the  truss  making  process  for  handling  and  storing  items  —  including  the  truss 
product  itself. 

Additional  or  modified  tools  can  be  developed  to  eissist  in  future  operations. 
Similar  to  the  special  purpose  dextrous  manipulator  of  the  Space  Station  Free¬ 
dom  (79:35),  the  dextrous  manipulator  of  the  SFP  will  have  the  following  capa¬ 
bilities: 

•  connecting/disconnecting  utilities 

•  attaching/detaching  interfaces  and  covers 

•  mating/demating  connectors 

•  removing/replacing  components 

•  manipulating  hinged  mechanisms  such  as  panels  and  doors 

•  providing  lighting  and  cameras  for  EVA  crews 

•  providing  lighting  and  cameras  for  automatic  tracking  and  greisping 
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•  providing  lighting  and  cameras  for  monitoring  and  inspecting  operations 

The  dextrous  manipulators,  combined  with  heavy  manipulators  and  mobile 
bases,  define  the  SFP  servicing  system.  Its  capabilities  make  it  an  integral  part  of 
assembly  and  mission  ready  operations  for  the  SFP. 

8.2.3  Control.  The  mobile  servicing  system  for  Space  Station  Freedom 
will  be  controlled  from  an  EVA  workstation  at  the  base  of  the  remote  manipulator,  a 
workstation  inside  the  shuttle,  or  a  workstation  inside  its  habitation  modules  (42:7.6). 
There  are  no  plans  to  control  the  Space  Station  Freedom  mobile  servicing  system 
from  the  ground.  Because  the  SFP  does  not  have  habitation  modules,  its  servicing 
system  will  be  controlled  from  an  EVA  workstation,  a  shuttle  workstation,  or  —  to 
a  limited  extent  —  a  ground  workstation. 

When  controlling  from  the  ground,  there  will  be  time  delays  of  up  to  10  sec 
between  ground  control  inputs  and  servicing  system  responses  (36:78).  This  sig¬ 
nificantly  hinders  operations  that  require  real  time  feedback  like  grasping  a  moving 
object  with  a  manipulator.  However,  carefully  preplanned  automated  operations  can 
be  accomplished  without  complications.  Inspections  for  maintenance,  transportation 
of  payloads,  and  preprogrammed  grapples  are  not  unreasonable  applications  (36:80). 
The  designed  capability  to  command  any  manipulator  from  any  electrically  config¬ 
ured  heavy  grapple  fixture  also  enhances  the  feasibility  of  controlling  from  remote 
locations,  such  as  the  ground.  Section  11.3  provides  further  analysis  of  SFP  manning 
and  control  issues. 

The  requirements  for  the  servicing  system  workstations  in  space  are:  video 
monitors,  two  three  degree-of-freedom  hand  controllers  (one  translational  and  one 
rotational),  and  manipulator  selection  switches  (see  Figure  8.7).  Control  systems 
internal  to  the  workstations  must  transform  six  axis  control  inputs  into  the  proper 
commands  for  seven  jointed  manipulators.  They  will  be  augmented  by  six  axis 
force/torque  sensors  in  all  the  manipulator  wrists.  The  sensors  feedback  force  and 
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Figure  8.7  Possible  configuration  for  a  servicing  system  workstation.  The  worksta¬ 
tion  could  be  located  on  the  ground  or  in  a  space  shuttle  (61). 

torque  information  during  contact  with  objects.  Additional  ground  workstation  re¬ 
quirements  include  a  world  model  of  the  work  site  stored  in  memory  for  collision 
avoidance  and  trajectory  planning. 

8.3  Docking  System 

8.3.1  Purpose.  In  rendezvous  terminology,  docking  identifies  the  use  of 
on-board  propulsion  systems  to  join  the  docking  ports  of  any  two  orbiting  vehicles. 
The  term  berthing  refers  to  accomplishing  the  same  task  by  using  a  robotic  arm  to 
control  the  relative  motion  of  the  vehicles.  Space  Station  Freedom  planners  prefer 
berthing  over  docking  because  relative  velocities  and  impact  loads  between  the  ve¬ 
hicles  are  considerably  reduced  and  the  adverse  affects  of  plume  impingement  from 
the  propulsion  systems  do  not  exist  (88:120). 

The  following  procedures  describe  the  berthing  process  currently  planned  for 
the  rendezvous  of  a  space  shuttle  and  Space  Station  Freedom  (18:28).  When  the 
shuttle  reaches  a  position  where  the  remote  manipulator  of  Space  Station  Freedom 
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Closing  Velocity 

0.005  ±  0.001  m/s 

Lateral  Velocity 

±  0.002  m/s 

Pitch,  Roll,  and  Yaw  Angular  Velocity 

±  0.1  degjs 

Lateral  Misalignment 

±  0.040  m 

Pitch,  Roll,  and  Yaw  Angular  Misalignment 

±1.5  deg 

Table  8.1  The  docking  contact  requirements  for  Space  Station  Freedom  and  the 
European  space  plane  (Hermes)  (87:14). 

can  grapple  the  shuttle  grapple  fixture,  the  relative  velocity  between  the  shuttle  and 
Space  Station  Freedom  is  reduced  as  close  as  possible  to  zero  (simulation  has  shown 
typical  values  of  .007  m/s).  After, achieving  this  position,  the  attitude  control  sys¬ 
tems  of  both  the  shuttle  and  Space  Station  Freedom  are  inhibited,  placing  both  in 
free  drift.  At  that  time,  the  remote  manipulator  operator  of  Space  Station  Freedom 
has  approximately  five  minutes  to  capture  the  space  shuttle  grapple  fixture  before 
the  two  bodies  drift  out  of  the  manipulator’s  range.  Free  drift  for  both  the  shuttle 
and  Space  Station  Freedom  is  required  to  minimize  the  loads  on  the  remote  ma¬ 
nipulator  during  berthing.  Although  serial  linked  manipulators  are  highly  flexible, 
they  are  relatively  weak,  especially  when  they  are  in  motion  (50:6).  After  capture, 
approximately  12  more  minutes  of  free  drift  are  necessary  to  maneuver  and  rigidize 
the  two  bodies  (4). 

If  grappling  capabilities  do  not  exist  between  Space  Station  Freedom  and  a 
different  arriving  vehicle  —  as  is  the  case  for  the  planned  European  Space  Plane 
(Hermes)  —  docking  agreements  mandate  stringent  operational  requirements.  Ta¬ 
ble  8.1  identifies  the  contact  requirements  for  the  docking  of  Space  Station  Freedom 
and  Hermes  (87:14).  Note  that  the  maximum  closing  velocity  allowed  (0.006  m/s) 
is  less  than  the  typical  minimized  relative  velocities  achieved  by  the  space  shuttle  in 
the  previously  described  berthing  simulations  (0.007  m/s). 

Both  the  planned  berthing  procedures  and  alternative  docking  requirements 
for  Space  Station  Freedom  have  undesirable  attributes.  The  berthing  procedures 
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are  complicated  by  the  capabilities  of  the  remote  manipulator,  and  the  docking 
requirements  are  difficult  to  achieve  with  conventional  propulsion  systems.  The 
electrodynamic  propulsion  system  of  the  SFP  provides  solutions  to  these  problems. 
Electrodynamic  propulsion  is  continuous  and  variable.  With  the  tracking  capability 
of  the  designed  controller  —  demonstrated  in  Appendix  M  —  relative  velocities 
and  impact  loads  can  be  minimized  for  safe  docking.  Also,  electrodynamic  propul¬ 
sion  eliminates  the  plume  impingement  problem.  With  docking  achievable,  remote 
manipulator  berthing  procedures  are  not  required. 

A  simple  remote  manipulator  has  been  developed  to  assist  with  SFP  docking 
applications.  Its  purpose  is  to: 

•  enhance  the  delivery  envelope  of  the  SFP 

•  grapple  arriving  external  tanks 

•  secure  external  tanks  to  the  SFP 

8.3.2  Components  and  Procedures.  The  docking  system  has  three  degrees- 
of- freedom  (one  translational  and  two  rotational).  It  consists  of  a  scissor  extender 
—  driven  by  a  power  screw  and  mounted  above  the  truss  maker  —  with  a  two 
degree  of  freedom  heavy  duty  wrist  at  its  apex.  The  wrist  serves  as  a  platform  for 
a  heavy/dextrous  latching  device  (see  Figure  8.8).  Although  the  power  screw  and 
wrist  configuration  is  relatively  low  in  flexibility,  it  can  be  designed  for  strength.  The 
latching  device  can  grapple  any  object  with  a  heavy  or  dextrous  grapple  fixture. 

Despite  the  limited  flexibility,  three  degrees-of-freedom  designed  into  the  dock¬ 
ing  system  will  enhance  the  delivery  envelope  of  the  SFP.  Payloads  with  grapple 
fixtures  built  into  them  —  like  trusses  —  can  be  extended  and  rotated  to  arrive 
at  a  target  in  a  desired  orientation  without  changing  the  attitude  of  the  SFP  (see 
Figure  8.9).  The  procedure  will  be  to  rigidize  the  docking  system  once  the  desired 
orientation  is  achieved,  and  dock  the  payload  to  the  target  with  the  precision  elec- 
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Figure  8.8  The  docking  system  permanently  mounted  on  the  truss  maker.  The 
heavy  latching  device  can  grapple  a  dextrous  latching  adaptor  for  dex¬ 
trous  grappling  capabilities. 


trodynamic  propulsion  system  of  the  SFP.  Because  of  the  docking  system  strength, 
inhibiting  the  target  attitude  systein  prior  to  docking  will  not  be  required. 

In  the  case  of  receiving  an  extern^d  tank,  the  procedure  will  be  similax.  As 
described  in  Section  4.3,  the  external  tank  will  be  modified  with  a  heavy  grapple 
fixture  prior  to  launch.  The  space  shuttle  will  carry  the  external  tank  into  orbit  and 
serve  as  its  attitude  control  system  until  i^mdezvous.  At  orbit  altitudes,  a  separated 
external  tank  will  remain  stable  for  a  small  period  of  time  without  an  attitude 
control  system,  but  studies  have  shown  a  shuttle  attached  to  an  external  tank  will 
insure  its  stability  (1).  S#*ction  11.9  provides  further  analysis  on  this  subject.  At  the 
rendezvous  position,  the  SFP  will  maneuver  the  extended  rigidized  docking  system  to 
grapple  the  heavy  grapple  fixture  of  the  external  tank.  The  shuttle  will  then  release 
the  external  tank,  and  the  docking  system  will  completely  retract  the  external  tank 
to  a  secured  position  flush  with  the  truss  maker. 

8.3.3  Control.  The  docking  procedures  can  be  implemented  from  the  con¬ 
trol  locations  of  the  servicing  system:  an  EVA  workstation,  a  shuttle  workstation, 
or  —  under  preplanned  automated  operations  —  a  ground  workstation.  The  shuttle 
workstation  for  the  servicing  system  will  also  incorporate  SFP  maneuvering  capabil¬ 
ities  to  execute  docking  procedures.  Maneuvering  the  SFP,  via  the  electrodynamic 
propulsion  system,  for  docking  requires  real  time  feedback  and  will  not  occur  from 
the  ground.  It  is  feasible  for  an  advanced  target  —  like  a  large  telecommunication 
platform  —  to  posses  and  operate  a  space  shuttle  type  workstation  as  well.  In  this 
scenario,  the  SFP  could  be  flown  to  the  vicinity  of  the  platform,  and  a  delivery  prod¬ 
uct  could  be  positioned  for  delivery,  via  ground  control.  Then,  control  commands 
from  a  habitation  module  on-board  the  telecommunications  platform  could  complete 
the  remainder  of  the  docking  procedure. 
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The  docking  system  combined  with  the  electrodynamic  propulsion  system  de¬ 
fine  the  docking  components  and  their  capabilities.  This  combination  facilitates 
simple,  reliable  docking  procedures  that  are  truly  unique  to  the  SFP. 
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IX.  SFP  Assembly 


9. 1  Introduction 

This  chapter  includes  a  basic  truss  design  and  a  conceptual  sequence  illustrat¬ 
ing  a  method  to  bring  the  SFP  to  an  operational  mode  in  as  few  shuttle  missions 
as  possible.  The  final  SFP  design  is  shown  in  Figure  9.1.  An  illustration  of  the 
conductors  within  each  integrated  truss  is  shown  in  Figure  9.2.  Complete  assembly 
of  the  SFP  can  conceivably  be  accomplished  in  eight  shuttle  missions.  After  these 
eight  missions,  the  SFP  will  be  fully  operational  and  can  accept  an  external  tank  for 
reduction  on  every  subsequent  shuttle  mission. 

9.2  Truss  Considerations  and  Design 

Due  to  the  total  length  of  the  main,  cross  and  orthogonal  integrated  trusses 
(137  m),  the  question  of  how  these  trusses  are  designed,  built  aind  placed  into  orbit 
comes  to  mind.  It  was  originally  thought  that  SFP  produced  trusses  could  be  used  to 
construct  the  entire  platform.  The  feasibility  of  such  a  concept  was  quickly  negated 
for  several  reasons.  First,  the  need  to  place  a  large  bundle  of  wire  inside  the  truss 
would  be  a  difficult  EVA  task  for  an  astronaut.  Second,  the  wire  bundles,  shielded 
and  unshielded,  must  be  separated  by  at  least  1  m  to  prevent  magnetic  interference 
(reference  Appendix  L).  This  would  require  attaching  the  conductors  to  the  outside 
of  the  SFP  trusses  causing  a  significant  amount  of  interference  with  other  equipment. 
Third,  the  necessity  of  providing  rails  on  the  outside  of  the  trusses  so  the  SFP 
servicing  system  can  traverse  the  entire  length  of  the  platform  would  be  a  time 
consuming  EVA  task.  These  rails  would  have  to  be  attached  to  the  SFP  truss  after 
its  manufacture  and  could  only  be  attached  to  the  two  sides  without  the  previously 
mentioned  conductors  present.  Fourth,  power  distribution  equipment,  batteries  and 
any  other  miscellaneous  equipment  would  be  difficult  to  attach  internally  (the  only 
space  available  with  the  rails  and  conductors  occupying  the  external  faces  of  the 
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Figure  9.1  An  illustration  of  the  final  design  of  the  SFP.  The  main,  cross,  orthogo¬ 
nal  and  coiled  conductor  integrated  trusses  as  well  as  the  solar  dynamic 
power  modules,  augmentation  thrusters,  and  truss  maker  must  all  be 
carried  into  orbit  by  the  space  shuttle. 


Figure  9.2  Layout  of  the  conductors  that  must  be  located  within  the  confines  of 
the  integrated  truss  structures. 
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Figure  9.3  Cross-section  of  an  integrated  truss. 

truss)  to  the  SFP  trusses  by  astronauts.  This  led  to  the  conclusion  that  using 
SFP  fabricated  trusses  to  build  the  platform  was  infeasible  and  it  would  be  easier 
to  manufacture  integrated  trusses  on  Barth  and  assemble  them  in  orbit  with  the 
assistance  of  the  space  shuttle  and  crew. 

A  similar  conclusion  was  made  by  the  designers  of  Space  Station  Freedom. 
Space  Station  Freedom  trusses  were  originally  designed  to  be  assembled  from  pieces 
by  EVA  astronauts.  A  massive  redesign  effort  culminated  in  the  design  of  a  pre¬ 
integrated  truss  structure  (69:1).  The  pre-integrated  structure  has  the  advantages 
of  simple  orbital  construction  and  gives  the  capability  for  ground  checkout  and  ver¬ 
ification  of  truss  segments  prior  to  launch.  In  addition,  the  pre-integrated  truss  is 
complete  with  all  the  necessary  subsystems,  utilities  and  mechanisms.  Simplifying 
construction,  minimizing  EVA  and  verifying  truss  segments  prior  to  launch  are  three 
very  beneficial  attributes  the  SFP  trusses  should  have.  As  such,  the  decision  was 
made  to  adopt  an  integrated  truss  structure  for  the  assembly  of  the  SFP. 

A  cross-section  of  an  SFP  integrated  truss  is  shown  in  Figure  9.3  The  shielded 
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Figure  9.4  The  unpressurized  berthing  adapter.  This  adapter  is  left  with  the  or¬ 
biting  vehicle.  It  provides  a  berthing  mechanism  that  the  shuttle  arm 
can  grapple  and  mount  into  its  cargo  bay  (70). 

and  unshielded  portions  of  the  conductor  coil  are  attached  to  the  inside  of  the  in¬ 
tegrated  truss  structure.  This  provides  sufficient  separation  between  the  conductors 
and  allows  for  the  placement  of  other  equipment  within  the  confines  of  the  truss. 

Space  Station  Freedom  pre-integrated  truss  structure  is  assembled  in  the  fol¬ 
lowing  manner  (69:3):  Assembled  sections  of  truss  axe  completely  outfitted  and 
checked  on  the  ground.  They  are  left  intact  and  fitted  into  the  shuttle  cargo  bay  for 
launch.  Upon  reaching  orbit,  the  truss  section  is  attached  to  neighboring  sections. 
An  unpressurized  berthing  adapter  (shown  in  Figure  9.4)  is  attached  and  left  with 
the  first  segment  (70:6).  On  subsequent  missions,  the  shuttle  berths  with  the  orbiting 
segments  via  this  device.  The  shuttle  manipulator  arm  grapples  the  unpressurized 
berthing  adapter  and  fixes  it  to  a  mounting  device  within  the  shuttle  cargo  bay. 
Additional  truss  segments  can  then  be  attached  with  the  shuttle  manipulator  arm. 
The  actual  segment  to  segment  attach  mechanism  consists  of  a  capture  latch,  to  hold 
the  segments  together  in  relative  alignment,  followed  by  motorized  connecting  bolts 
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Figure  9.5  Layout  of  the  basic  integrated  truss  design  of  the  SFP  located  within 
the  confines  of  the  space  shuttle  cargo  bay  (70). 

engaged  at  each  mating  longeron  (70:8).  The  same  basic  assembly  process  is  used 
to  construct  the  SFP  from  integrated  trusses. 

The  design  of  the  SFP  integrated  truss  is  influenced  by  a  variety  of  factors. 
The  space  shuttle  cargo  bay  imposes  the  following  restrictions  upon  any  structure  — 
a  maximum  4.5  m  diameter  and  13.7  m  length  (70:2).  The  actual  length  of  the 
shuttle  bay  is  18.3  m  but,  the  unpressurized  berthing  adapter  and  other  miscellaneous 
C4uipment  occupies  a  portion  of  the  bay  nearest  the  shuttle  nose.  If  a  4,5  m  diaimeter 
truss  was  used  for  the  SFP  a  minimum  of  ten  shuttle  missions  would  be  needed  to 
just  bring  the  trusses  into  orbit.  Since  the  only  significant  restriction  on  truss  design 
was  the  necessity  to  have  the  shielded  and  unshielded  conductor  portions  1  m  apart, 
a  2  m  octagonal  truss  design  was  chosen.  This  meant  that  2  segments  could  be 
carried  per  mission  and  the  number  of  missions  for  just  truss  work  was  reduced  to 
five.  An  illustration  of  the  basic  truss  shape  within  the  confines  of  the  space  shuttle 
cargo  bay  is  shown  in  Figure  9.5.  It  was  also  decided  to  construct  the  SFP  integrated 
trusses  from  the  same  aluminum  alloy  as  Space  Station  Freedom  —  Al-2219  (69:9). 
A  finite  element  model  of  a  basic  truss  structure  is  analyzed  within  Appendix  E.  The 
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main,  cross  and  orthogonal  trusses  all  share  the  same  basic  design  with  the  minor 
exceptions  outlined  in  the  following  paragraphs. 

The  main  integrated  truss  (50  m  in  length  and  housing  conductors  Cl  and 
C2)  h«is  rails  on  all  four  flat  faces.  This  allows  for  two  mobile  bases  to  be  placed  on 
opposing  sides  of  the  truss,  the  truss  maker  on  top  and  the  unpressurized  berthing 
adapter  on  the  bottom.  Mobile  bases  and  heavy  manipulator  arms  on  opposing  sides 
provide  the  capability  to  reach  both  sides  of  an  external  tank  when  it  is  seated  atop 
the  truss  maker.  The  rail  on  the  top  allows  the  truss  maker  assembly  to  move  for  the 
purpose  of  center  of  mass  management.  The  bottom  rail  allows  the  unpressurized 
berthing  adapter  to  move  so  the  shuttle  can  berth  at  various  points.  This  is  extremely 
useful  during  the  construction  phase  of  the  SFP. 

The  cross  integratf'd  trusses  (30  m  in  length  with  either  conductors  C3  or  C4 
depending  on  which  side  it  is)  need  only  one  rail  on  any  side.  This  allows  a  mobile 
base  to  be  placed  on  each  cross  truss.  A  heavy  manipulator  can  then  transfer  from  a 
mobile  base  on  the  main  truss  to  a  mobile  base  on  the  cross  truss.  This  is  necessary 
so  the  servicing  system  can  access  and  build  the  solar  dynamiv,  power  modules  and 
ASSET  photovoltaic  arrays.  Note  that  the  first  25  m  of  the  cross  truss  houses  the 
conductors,  while  the  remaining  5  m  is  to  ensure  clearance  for  the  power  systems  and 
house  a  rotary  joint.  A  solar  alpha  rotary  joint  is  located  between  the  two  sections  of 
cross  truss  so  the  power  module  and  arrays  are  able  to  remain  inertially  oriented  and 
track  the  sun  throughout  an  orbit  (70:9),  The  joint  allows  for  360°  of  rotation  while 
providing  structural  and  electrical  continuity  between  segments  and  is  illustrated  in 
Figure  9.6. 

The  orthogonal  integrated  truss  (27  m  in  length  housing  conductor  C5)  does 
not  have  any  rails.  It  does  contain  an  attachment  rack  to  store  the  trusses  produced 
by  the  SFP.  The  rack  is  described  in  Section  5.3.9. 

The  coiled  conductor  integrated  truss  (4.3  m  in  diameter  by  4.86  m  in  length 
housing  conductors  C6  through  CIO)  does  not  share  the  same  basic  design  as  the 
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Figure  9.6  The  solar  alpha  rotary  joint  that  allows  the  power  subsystem  to  remain 
inertidly  oriented  and  track  the  sun  throughout  the  orbit. 

others.  A  larger  structure  was  necessary  to  house  the  coiled  conductors  and  to 
allow  for  attachment  points.  These  points  allow  for  easy  connection  of  the  cross  and 
orthogonal  trusses. 

9.3  Assembly  of  the  SFP 

The  following  section  describes  the  conceptual  assembly  of  the  SFP.  It  contains 
a  mission  by  mission  synopsis  which  outlines  the  major  events  taking  place. 

9.3.1  Mission  I.  The  payload  for  mission  1  includes  17  m  of  integrated 
truss,  the  truss  maker’s  frame  and  all  truss  making  associated  equipment.  Refer  to 
Figure  9.7  for  the  discussion  of  this  mission.  To  begin  the  mission,  the  space  shuttle 
approaches  and  matches  the  ASSET  vehicle  orbit  and  starts  ^lssembling  the  above 
listed  components  (see  Figure  9.7a).  Similar  to  the  Msembly  plans  of  Space  Station 
Freedom,  the  sections  of  truss  are  attached  to  the  berthing  adaptor  and  translated 
over  the  shuttle’s  nose  so  the  next  section  can  be  attached  (see  Figure  9.7b  and  c). 
Due  to  shuttle  bay  size,  the  17  m  truss  is  brought  in  two  sections —  a  13.5  m  length 
and  a  3.5  m  length.  The  13.5  m  section  is  attached  to  the  berthing  adapter  via  the 
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a) 


b) 


e) 


Figure  9.7  Mission  1  to  build  the  SFP.  One  17  m  section  of  the  main  integrated 
truss  and  the  truss  maker’s  frame,  with  associated  equipment,  are 
brought  into  space,  assembled,  and  attached  to  the  ASSET  vehicle. 
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shuttle  manipulator  arm  and  then  translated  forward  so  the  3.5  m  section  can  be 
attached  (see  Figure  9.7c).  Final  attachment  is  accomplished  with  remote  capture 
latches  and  motorized  bolts.  Once  this  has  been  accomplished,  EVA  astronauts  can 
begin  assembling  the  truss  maker  (see  Figure  9.7d).  A  complete  description  of  the 
truss  maker  can  be  found  in  Section  5.3.  The  truss  maker  frame  is  approximately 
10  m  in  length  and  is  built  in  the  center  of  the  17  m  section.  After  the  truss  maker 
assembly  is  complete,  the  shuttle  is  maneuvered  to  berth  with  the  ASSET  facility. 

The  shuttle  must  be  facing  the  ‘front’  of  ASSET  so  its  manipulator  arm  can 
reach  a  grapple  fixture  on  the  ASSET  vehicle.  Note  that  for  the  purposes  of  this 
chapter  ‘front’  relates  to  the  portion  of  the  SFP  vehicle  where  the  nose  of  the  external 
tank  is  and  ‘rear’  corresponds  to  the  opposite  end.  Two  heavy  grapple  fixtures  have 
been  added  to  the  external  tank  prior  to  its  launch  (this  is  discussed  in  Section  4.3). 
One  grapple  fixture  is  located  on  the  intertank  structure  directly  opposite  the  forward 
space  shuttle  mount  fixture.  The  second  heavy  grapple  fixture  is  offset  to  the  side. 
Once  in  position,  the  shuttle  manipulator  arm  grabs  the  offset  heavy  grapple  fixture 
on  ASSET  and  places  ASSET  onto  the  SFP  docking  system  located  on  the  top 
portion  of  the  truss  maker  assembly  (see  Section  8.8  for  a  description  of  the  docking 
system).  Figure  9.7e  is  an  illustration  of  this  task.  The  shuttle  then  returns  to  Earth 
leaving  behind  the  berthing  adapter  for  future  missions. 

9.3.2  Mission  2.  The  payload  for  mission  2  includes  two  13.5  m  sections  of 
the  main  integrated  truss.  The  following  discussion  refers  to  Figure  9.8.  The  shuttle 
approaches  ASSET  from  the  ‘rear’  and  grabs  the  berthing  adapter  left  behind  on  the 
previous  mission  (see  Figure  9.8a).  The  berthing  adapter  and  the  attached  vehicle 
(ASSET  and  first  mission  SFP)  are  maneuvered  and  placed  on  the  mounting  point 
inside  the  shuttle  bay  (see  Figure  9.8b).  A  13.5  m  section  of  truss  is  then  added 
to  the  main  integrated  truss  (see  Figure  9.8c).  Unfortunately,  this  section  cannot 
be  translated  rearward  because  of  the  clearance  necessary  between  the  shuttle’s  tail 
and  the  rear  of  ASSET.  This  situation  precludes  the  shuttle  manipulator  arm  from 
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a) 


b) 


Figure  9.8  Mission  2  to  build  the  SFP.  Two  13.5  m  segments  of  the  main  integrated 
truss  are  brought  up  and  attached  to  either  end  of  the  assembled  truss. 
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reaching  the  front  of  the  main  integrated  truss  and  another  method  has  to  be  found 
to  attach  the  second  13.5  m  section  of  truss  to  the  ‘front’.  In  order  to  attach  the 
13.5  m  section  to  the  ‘front’,  the  shuttle  must  release  the  berthing  adapter  and 
reposition  to  the  ‘front’  of  ASSET  (see  Figure  9.8d  and  e).  While  the  shuttle  is 
repositioning,  the  berthing  adapter  translates  to  the  ‘front’  portion  of  the  integrated 
truss.  The  shuttle  then  re-berths  with  the  vehicle  and  adds  the  final  13.5  m  to  the 
‘front’  of  the  integrated  truss  (see  Figure  9.8f  and  g).  At  this  point,  44  m  of  the 
50  m  main  integrated  truss  is  complete.  Mission  2  is  done  ajid  the  shuttle  can  return 
to  Earth. 

9.3.3  Mission  3.  The  payload  for  mission  3  includes  the  last  6  m  of  the 
main  integrated  truss,  the  SFP  servicing  system  and  the  coiled  conductor  integrated 
truss.  Refer  to  Section  8.2  for  a  complete  description  of  the  SFP  servicing  system. 
The  coiled  conductor  integrated  truss  is  4.86  m  in  length  and  4.3  m  in  diameter 
(a  complete  description  can  be  found  in  Section  6.3.9).  The  following  discussion 
refers  to  Figure  9.9.  The  shuttle  approaches  the  vehicle  from  the  ‘rear’,  attaches 
to  the  berthing  adapter  perpendicular  to  the  main  integrated  truss  and  places  the 
final  6  m  on  the  main  integrated  truss  (see  Figure  9.9a  and  b).  Two  independent 
mobile  bases  and  their  associated  heavy  manipulators  are  then  attached  to  oppos¬ 
ing  side  rails  of  the  main  integrated  truss  (see  Figure  9.9c).  This  allows  them  to 
translate  the  entire  length  of  the  truss.  The  SFP  servicing  system  is  installed  prior 
to  the  coiled  conductor  for  the  purpose  of  attaching  the  coiled  conductor  integrated 
truss.  Space  shuttle  manipulator  arm  reach  limitations  and  possible  conflicts  with 
the  shuttle  wingtip  clearance  makes  it  necessary  for  one  of  the  SFP  manipulators  to 
attach  the  coiled  conductor  integrated  truss.  As  shown  in  Figure  9.9a,  the  shuttle 
must  berth  perpendicular  to  the  main  integrated  truss  at  the  ‘rear’  end  of  ASSET. 
Possible  interference  with  the  ASSET  solar  arrays  precludes  berthing  at  the  ‘front’ 
end.  Perpendicular  berthing  also  allows  easier  access  to  the  shuttle  bay  by  the  SFP 
remote  manipulator.  As  shown  in  Figure  9.9d,  e,  and  f,  the  SFP  manipulator  grap- 
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a) 


b) 


Figure  9.9  Mission  3  to  build  the  SFP.  The  last  6  m  of  the  main  integrated  truss 
is  connected.  A  portion  of  the  SFP  servicing  system,  consisting  of  two 
remote  heavy  manipulators  and  mobile  bases,  are  placed  on  either  side 
of  the  main  integrated  truss,  and  the  coiled  conductor  integrated  truss 
is  attached. 
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Figure  9.10  Mission  4  to  build  the  SFP.  The  2r-axis  augmentation  assemblies  are 
attached  to  either  end  of  the  main  integrated  truss,  and  the  two  mobile 
bases  are  temporarily  placed  on  the  main  integrated  truss,  awaiting  the 
arrival  of  the  appropriate  cross  integrated  truss. 

pies  the  coiled  conductor  assembly,  removes  it  from  the  shuttle  bay  and  rotates  it 
parallel  to  the  main  truss.  The  SFP  arm  then  translates  forward  and  attaches  the 
assembly  to  the  midpoint  of  the  main  integrated  truss  (shown  in  Figure  9.9f  and  g). 
Once  this  connection  is  made  the  coiled  conductor  assembly  and  the  main  integrated 
truss  conductors  are  hooked  up  to  the  ASSET  power  supply  and  provide  a  limited 
attitude  control  capability  as  well  as  some  gross  orbital  motion  capability.  Once  this 
task  is  accomplished  the  mission  is  complete  and  the  shuttle  returns  to  Earth. 

9.3.4  Mission  4-  The  payload  for  mission  4  includes  the  z-axis  augmen¬ 
tation  thruster  assemblies  (see  Section  6.3.9  for  a  description)  and  two  mobile  bases 
of  the  SFP  servicing  system.  Figure  9.10  applies  to  the  following  discussion.  With 
the  shuttle  berthed  perpendicular  to  the  main  truss,  the  SFP  servicing  system  is 
used  to  install  the  two  sets  of  augmentation  thrusters  (see  Figure  9.10a  and  b).  The 
additional  two  mobile  bases  are  then  placed  on  the  main  integrated  truss.  This  is 


a  temporary  position  since  the  mobile  bases  will  eventually  be  plau:ed  on  the  cross 
integrated  trusses. 

9.3.5  Mission  5.  The  payload  for  mission  5  includes  27  m  of  cross  inte¬ 
grated  truss.  P'igure  9.11  can  be  referenced  for  the  following  discussion.  The  shuttle 
bay  size  causes  the  truss  to  be  broken  into  two  13.5  m  segments.  When  connected, 
the  first  25  m  of  this  truss  houses  the  cross  conductor,  followed  immediately  by  an 
alpha  joint  that  allows  the  final  section  to  rotate  for  the  power  systems.  Once  again, 
for  easier  access  and  minimal  interference,  the  shuttle  berths  perpendicular  at  the 
‘rear’  of  ASSET  (Figure  9. 1  la  and  b).  An  SFP  heavy  manipulator  arm  then  grap¬ 
ples  the  first  13.5  rn  segment,  translates  forward  and  attaches  it  to  the  side  of  the 
coiled  conductor  integrated  truss  (Figure  9.11b  and  c).  The  SFP  heavy  manipulator 
arm  then  removes  a  mobile  base  from  the  main  integrated  truss  and  places  it  on  the 
section  of  cross  integrated  truss.  The  outboard  segment,  containing  the  alpha  joint, 
is  then  attached  to  the  first  segment  (Figure  9.1  Id,  e  and  f).  With  the  attachment 
of  the  second  section,  the  mission  is  complete  and  the  shuttle  returns  to  Earth. 

9.3.6  Mission  6.  The  payload  for  mission  6  is  27  m  of  cross  integrated 
truss.  This  mission  is  a  repeat  of  mission  5  and  the  same  discussion  applies.  Refer 
to  Figure  9.12  for  an  overall  view  of  this  procedure.  After  the  completion  of  both 
cross  conductors,  they  are  connected  to  the  ASSET  power  supply. 

9.3.7  Mission  7.  The  payload  ^or  mission  7  includes  6  m  of  cross  inte¬ 
grated  truss  and  the  solar  dynamic  power  modules  (SDPM).  Refer  to  Figure  9.13 
for  the  following  discussion.  For  accessibility  and  minimal  interference  problems, 
the  shuttle  berths  perpendicular  to  the  ‘rear’  of  the  main  integrated  truss  (see  Fig¬ 
ure  9. 13a).  The  6  m  of  truss  is  broken  into  two  3  m  segments  that  fit  on  either  end  of 
the  cross  integrated  truss.  Once  in  place  these  segments  complete  the  30  m  for  each 
cross  truss.  Due  to  reach  limitations  the  SFP  heavy  manipulators  must  be  moved 
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Figure  9.11  Mission  5  to  build  the  SFP.  A  21  m  section  of  cross  integrated  truss 
is  brought  up  in  two  equally  sized  segments.  The  outboard  segment 
contains  the  alpha  joint. 
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a)  b) 


Fig’ire  9.12  Mission  6  to  build  the  SFP.  This  mission  repeats  Mission  5. 

to  the  mobile  bases  on  the  cross  integrated  trusses,  one  allocated  to  each  side  (see 
Figure  9.13a).  The  SFP  heavy  manipulators  then  access  the  shuttle  bay,  grapple 
the  3  m  section,  translate  out  the  cross  truss  and  place  the  section  out-board  of  the 
alpha  joint  (see  Figure  9.13b,  c  and  d).  Note  that  an  SFP  heavy  manipulator  to 
SFP  heavy  manipulator  hand-off  must  be  accomplished  to  pass  a  3  m  section  to  the 
side  opposing  the  shuttle. 

Once  the  cross  trusses  are  completed,  mission  7  becomes  very  FVA  intensive. 
The  SDPM’s  must  be  assembled  on  the  end  of  each  cross  truss.  Assembly  of  an 
SDPM  will  rely  upon  both  SFP  heavy  manipulators  to  transport  equipment  to  the 
area  outboard  of  the  alpha  joint  on  the  cross  integrated  truss.  Transport  of  materials 
will  be  controlled  by  the  space  shuttle  crew  using  telerobotic  commands  from  inside 
the  shuttle.  Space  Station  Freedom  assembly  plans  called  for  two  EVA  crewmen 
to  accomplish  the  SDPM  assembly  (73:305).  A  similar  plan  is  adopted  for  use  on 
the  SFP.  Note  that  assembly  takes  place  so  that  the  concentrator  is  not  positioned 
on-sun  until  actual  start  up  is  initiated.  The  entire  process  encompasses  about  20 
man  hours  of  EVA  (73:306). 

A  description  of  the  SDPM  components  can  be  found  in  Section  \  .2.  The  EVA 
crew  will  first  install  the  beta  gimbal,  followed  by  the  receiver /radiator  a.ssembly  and 
the  fine  pointing  gimbal.  The  structural  and  utility  connections  will  be  performed 
by  the  EVA  crew.  The  concentrator  suppor'  structure  is  then  attached  and  assembly 
of  the  concentrator  it.self  can  begin.  The  concentrator  assembly  has  a  heavy  grapple 
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Figure  9.13  Mission  7  to  build  the  SFP.  The  final  3  m  of  cross  integrated  truss 
is  placed  on  the  ends  of  the  assembled  truss  with  the  help  of  the  SFP 
remote  manipulators.  EVA  astronauts  then  assemble  the  solar  dynamic 
power  modules  and  move  the  ASSET  power  arrays  from  the  ASSET 
vehicle  to  the  SFP. 


fixture  mounted  on  the  back  side  (nonreflective  surface)  of  the  central  hexagonal 
panel  (73:306).  This  fixture  is  grappled  by  a  heavy  manipulator  on  the  cross  truss 
and  each  additional  panel  (18  remaining)  is  then  latched  to  the  panel  above.  The 
wrist  joint  of  the  manipulator  is  rotated  as  necessary  following  the  latching  of  each 
additional  panel  to  provide  clearance  and  prepare  for  the  next  panel.  After  comple¬ 
tion  of  the  concentrator,  the  heavy  manipulator  places  it  on  the  support  structure 
and  final  connections  are  made  by  astronauts. 

After  the  SDPM’s  are  assembled  the  ASSET  photovoltaic  arrays  are  removed 
and  placed  at  the  end  of  each  cross  truss  (see  Figure  9.13f).  This  involves  folding  the 
arrays,  moving  them  and  reinstalling  them  on  the  cross  integrated  truss  (one  panel 
to  each  side)  opposite  the  already  installed  SDPM.  This  process  is  accomplished 
using  heavy  manipulators  on  the  main  truss  and  the  cross  truss  as  well  as  an  EVA 
crew.  Once  connected  to  the  cross  truss  the  arrays  are  redeployed. 

9.3.8  Mission  8.  The  payload  for  mission  8  includes  27  m  of  orthog¬ 
onal  integrated  truss.  Figure  9.14  applies  to  the  following  discussion.  Similar  to 
previous  missions,  the  truss  is  brought  up  in  two  13.5  m  sections.  With  the  shuttle 
berthed  perpendicular  to  the  main  truss  as  shown  in  Figure  9.14a,  one  of  the  heavy 
manipulators  is  moved  to  a  cross  truss  to  assist  in  the  installation  of  the  orthogonal 
truss.  The  heavy  manipulator  on  the  main  truss  retrieves  the  first  section  of  truss 
and  passes  it  to  the  manipulator  on  the  cross  truss  (see  Figure  9.14b).  The  truss 
segment  is  then  attached  to  the  bottom  of  the  coiled  conductor  integrated  truss  (see 
Figure  9.14c  and  d).  The  process  is  repeated  and  the  second  section  of  13.5  m  truss 
is  attached  to  the  first  (see  Figure  9.14e  and  f).  Only  the  heavy  manipulator  on  the 
cross  truss  has  the  reach  capability  to  perform  this  task.  The  orthogonal  integrated 
truss  also  contains  the  attachment  racks  for  the  SFP  produced  trusses.  The  attach¬ 
ment  racks  will  have  the  capability  to  store  a  large  number  of  trusses  with  v^^-ying 
lengths.  Refer  to  Section  5.3.9  for  a  complete  description  of  the  truss  rack. 
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b) 


Figure  9.14  Mission  8  to  build  the  SFP.  A  27  m  section  of  orthogonal  integrated 
truss  is  brought  up  and  connected  to  the  coiled  conductor  integrated 
truss,  completing  the  construction  of  the  SFP. 
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Figure  9.15  A  view  of  the  SFP  without  the  shuttle  and  the  external  tank  attached. 

After  assembly  of  the  orthogonal  truss,  all  conductors  are  then  connected  to 
the  SFP  power  supply  and  the  SFP  is  fully  operational  and  can  begin  manufacturing 
auid  delivering  trusses.  Figure  9.15  shows  the  completed  SFP  without  the  external 
tank  and  shuttle  attached.  This  is  the  configuration  the  SFP  has  the  majority  of  its 
operational  time. 
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X.  Operations  and  Capabilities 


The  standard  SFP  mission  is  a  cycle  in  which  the  SFP  acquires  an  external 
tank,  reduces  it,  converts  the  reduced  material  into  truss,  transports/delivers  this 
truss  to  a  user,  and  then  returns  to  the  external  tank  delivery  altitude,  (see  Fig¬ 
ure  10.1).  Other  missions  might  include  transfer  of  an  intact  external  tank  to  a 
higher  orbit,  truss  fabrication  and  station  keeping  at  any  orbit,  or  accommodation 
of  other  spax;e  operations  with  the  SFP’s  robust  and  flexible  features.  The  standard 
SFP  mission  fully  demonstrates  the  advantages  of  truss  fabrication  in  space,  and  the 
advantages  of  electrodynamic  propulsion.  Table  10.1  summarizes  the  speciflcations 
and  capabilities  of  the  SFP.  Table  10.2  summarizes  the  speciflcations  and  capabilities 
of  the  truss  product.  Both  tables  represent  the  culmination  of  the  design  effort. 

10.1  Standard  Mission  Event. 

The  standard  SFP  mission  consists  of  six  major  events.  These  events  will  be 
described  in  detail  to  provide  insight  into  the  various  capabilities  of  the  SFP.  The 
major  events  can  be  summarized  as  follows: 

Event  1.  rendezvous  and  docking  with  a  space  shuttle  and  its  attached  external  tank 

Event  2.  reduction  of  an  external  tank 

Event  3.  fabrication  of  trusses 

Event  4.  transfer  to  a  higher  orbit  work  site 

Event  5.  rendezvous  and  delivery  of  the  truss  product 

Event  6.  return  to  the  external  tank  delivery  orbit  altitude 

Not  included  in  these  six  events  is  orbital  maintenance  during  the  possible 
extended  waiting  periods.  The  major  events  (1-6)  of  the  standard  mission  will 
take  approximately  38  days  to  complete  (see  Figure  10.2).  This  includes  5  days 
for  rendezvous/docking  and  external  tank  reduction;  13  days  for  truss  fabrication 
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Figure  10.1  A  standard  SFP  mission  cycles  through  six  major  events.  The  six 
events  are:  1)  rendezvous/docking,  2)  external  tank  reduction,  3)  truss 
fabrication,  4)  positive  orbit  transfer,  5)  rendezvous/delivery,  and  6) 
negative  orbit  transfer. 


SFP 

Dimensions 

50.0  X  64.3  X  38.3  m 

Mass 

79,309  kg 

Primary  Propulsion 

Electrodynamic 

Power  Source 

Solar  Dynamic  &  Photovoltaic 

Permanent  Manning  Requirement 

None 

Primary  Command  and  Control  Source 

Ground 

Orbital  Altitude  Envelope 

300-500  km 

Orbit^ll  Inclination  Envelope 

0-28.5  “ 

Maximum  Payload 

31,300  kg 

Maximum  Acceleration  Rate 

10.3  X  10-«  m/s^ 

Minimum  Time  for  200  km  Altitude  Change 

11.9  days 

Maximum  R-bar  Stand-off  Range 

82  m 

Maximum  Continuous  Usable  Power 

82  kW 

Standard  Mission  Avg  Power 

44.9  kW 

Propulsion  Efficiency 

87% 

Table  10.1  The  final  <’  '■oecifications  for  the  SFP. 
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Truss  Product 

Dimensions 

1.0  X  1.0  X  (variable)  m 

Mass/ Length 

5.25  %/m 

Welding  Method 

Laser 

Axial  Stiffness 

3.774  X  10^  N 

Bending  Stiffness 

9.135  X  10®  A  •  m2 

Torsional  Stiffness 

1.103  X  10®  iV  •  m2 

Production  Rate 

77  mfhour 

Table  10.2  Truss  Product  Specifications. 
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Figure  10.2  A  Standard  SFP  mission  lasts  for  38  days.  The  figure  above  shows 
the  chronological  order  of  the  six  major  events  for  the  standard  SFP 
mission. 
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Average  Time  between 
Shuttle  Missions  days 

Average  Number  of 
Missions  per  year 

Average  SFP 
Wait  Time  days 

Truss  Produced 
meters  per  year 

90 

4 

52 

2920 

60 

6 

22 

4380 

45 

8 

7 

5840 

40 

9 

2 

6570 

30 

12 

- 

8760 

Table  10.3  The  average  time  the  SFP  must  wait  for  a  shuttle  launch  based  upon  a 
standard  mission  round  trip  (300  km  -  500  km)  time  of  approximately 
38  days. 


and  transfer  to  higher  orbit;  5  days  for  rendezvous/delivery  and  loiter  time  at  the 
construction  site;  and  15  days  to  return  to  a  300  km  orbit.  In  contrast,  a  mission  to 
transfer  an  external  tank  will  have  a  round  trip  time  of  40  days  (1  day  rendezvous, 
19  days  transfer,  5  days  delivery,  and  15  days  return). 

The  SFP  spends  the  majority  of  its  time  in  transit  between  orbits.  The  reduc¬ 
tion  and  truss  making  operations  of  the  SFP  (events  2  and  3)  take  approximately 
4  days  to  complete.  This  includes  additional  time  for  the  setup  and  breakdown  of 
the  reduction  equipment,  as  well  eis  the  transfer  of  materials  to  the  truss  maker  it¬ 
self.  The  setup  and  breakdown  portions  of  this  process  necessitate  the  presence  of  a 
space  shuttle.  EVA  astronauts  and  remotely  controlled  manipulators  are  relied  upon 
heavily  during  these  operations. 

The  amount  of  time  the  SFP  spends  waiting  for  an  external  tank  will  depend 
mainly  on  the  frequency  of  space  shuttle  missions  and  the  round  trip  time  of  the  SFP 
(see  Table  10.3).  Assuming  a  standard  SFP  mission,  more  than  nine  space  shuttle 
missions  a  year  would  have  to  be  launched  to  exceed  the  time  line  capabilities  of 
the  SFP.  In  this  event,  shuttle  missions  could  be  scheduled  to  maximize  the  truss 
production  by  launching  a  second  shuttle  mission  just  prior  to  completion  of  the 
first  external  tank  reduction.  A  second  external  tank  would  then  be  available  for 
reduction  prior  to  SFP  departure.  This  would  be  followed  by  a  38  day  interval 
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between  the  next  set  of  launches.  The  SFP’s  mission  cycle  will  then  follow  a  modified 
pattern  of  events.  The  reduction  of  an  external  tank  followed  by  a  few  days  of  truss 
making  and  orbit  maintenance  at  300  km  will  take  place,  while  awaiting  the  arrival 
of  a  second  tank  for  reduction.  With  the  subsequent  reduction  of  a  second  tank,  the 
SFP  would  continue  its  standard  event  cycle  but  would  arrive  at  the  construction 
site  with  a  double  load  of  trusses. 

10.2  Detailed  Mission  Events 

To  provide  further  insight  into  the  capabilities  of  the  SFP,  the  six  major  events 
of  a  standard  mission  are  described  in  detail  in  the  following  sections. 

10.2.1  Event  1  —  Rendezvous  and  Docking.  During  this  event,  the  SFP 
and  a  space  shuttle  with  the  external  tank  still  attached  rendezvous.  A  typical  ren¬ 
dezvous  will  be  at  an  approximate  altitude  of  300  km  in  a  circular  orbit  of  28.5° 
inclination.  The  SFP  uses  its  precision  maneuver  capability  to  dock  with  the  or- 
biter/external  tank  combination.  During  docking,  the  control  of  the  SFP  will  be 
executed  from  the  shuttle  by  remote  commands.  The  SFP  will  maneuver  the  ex¬ 
tended  rigidized  docking  system  to  grapple  with  the  heavy  grapple  fixture  on  the 
external  tank  (refer  to  Section  8.3  for  a  complete  description  of  this  process).  The 
actual  docking  is  illustrated  in  Figure  10.3.  This  event  will  typically  take  less  than 
1  day,  and  the  majority  of  the  power  will  be  dedicated  to  the  propulsion  system 
for  docking.  This  i2-bar  maneuver  can  have  77  kW  of  power  available  to  it.  After 
docking  is  complete,  the  external  tank  will  be  secured  and  rigidly  attached  to  the 
SFP. 

Once  the  external  tank  is  grappled,  the  shuttle  is  free  to  release  from  it  and 
retreat  to  a  safe  standoff  distance.  From  this  observation  position,  the  shuttle  crew 
can  assist  in  the  tank  reduction  efforts. 
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Figure  10.3  A  typical  docking  of  the  SFP  and  the  external  tank.  The  shuttle 
orbiter,  not  shown  in  this  figure,  will  still  be  attached  to  the  external 
tank  during  this  sequence. 

10.2.2  Event  2  —  External  Tank  Reduction.  The  second  event  involves 
reduction  of  the  external  tank  into  usable  truss  making  material.  It  begins  with  the 
astronauts  performing  an  EVA  to  transfer  and  install  reduction  equipment  into  the 
external  tank.  This  process  takes  two  8  hour  EVAs  (31:4.2).  Astronauts  can  also 
carry  out  any  SFP  required  maintenance  during  this  period,  either  telerobotically 
or  through  further  EVAs.  Any  special  cargo  for  shipment  by  the  SFP  could  also  be 
transferred  from  the  orbiter  to  the  SFP  at  this  time.  The  altitude  of  the  SFP  will 
be  maintained  at  300  km  with  the  shielded  coil  electrodynamic  propulsion  system 
which  consumes  about  15  kW  of  power. 

With  the  reduction  equipment  in  place,  reduction  of  the  external  tank  can 
begin  and  the  shuttle  is  free  to  leave  the  vicinity  and  carry  out  its  intended  mission. 
The  shuttle  returns  at  the  end  of  its  scheduled  mission  to  remove  the  reduction 
equipment  and  storage/feed  magazines  of  the  reduced  external  tank  material  from 
the  external  tank.  This  is  done  through  EVA  and  remote  manipulators  of  the  SFP 


10-6 


Figure  10.4  The  SFP  truss  maker. 


servicing  system.  Magazines  of  material  are  put  into  place  on  the  truss  maker  and 
reduction  equipment  is  stored  on  the  SFP.  If  the  remainder  of  the  reduced  external 
tank  is  not  required,  it  will  be  separated  via  the  docking  system  and  allowed  to 
deorbit  due  to  aerodynamic  drag.  Once  material  transfer  and  reduction  equipment 
breakdown  has  occurred,  the  shuttle  is  free  to  return  to  Earth. 

In  addition  to  orbit  maintenance,  the  typical  power  requirement  for  this  event 
includes  12  kW  for  the  salvage  operation,  5  kW  for  base  power  and  2  kW  for  the 
servicing  system.  The  total  power  consumed  during  tank  reduction  is  34  kW. 

10.2.3  Event  3  —  Truss  Making.  Because  the  SFP  hais  48  kW  of  excess 
power  during  external  tank  reduction,  truss  making  can  begin  and  run  concurrently 
as  soon  as  sufficient  materials  are  available.  Remote  manipulators  would  be  used  to 
remove  full  magazines  of  material  from  the  partially  reduced  external  tank  and  load 
them  into  the  truss  maker.  Figure  10.4  shows  the  truss  maker  producing  the  truss 
product.  After  the  end  of  truss  making,  the  extra  and  empty  magazines  are  stored 
on  the  magazine  storage  rack  on  the  underside  of  the  main  integrated  truss.  The 
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Figure  10.5  During  orbit  transfer,  the  SFP  main  conductors  are  aligned  parallel 
with  the  radius  vector. 

completed  trusses  are  placed  on  a  truss  storage  rack  on  the  orthogonal  integrated 
truss.  The  truss  storage  rack  is  discussed  in  Section  5.3.9. 

The  construction  of  truss  is  the  primary  purpose  of  the  SFP.  The  truss  maker 
produces  truss  with  an  approximate  1  m  x  1  m  cross  section;  the  length  of  the  trusses 
produced  can  be  specified  by  the  end  user.  The  material  recovered  from  one  external 
tank  will  be  converted  to  a  total  of  730  m  of  truss  in  approximately  2  days. 

10.2.4  Event  4  —  Orbit  Transfer.  With  the  completion  of  truss  making, 
the  SFP  will  be  rotated  to  align  the  main  conductors  parallel  with  the  radius  vector 
(see  Figure  10.5.  Current  in  the  main  conductor  will  be  increased  until  power  is 
at  a  ma.ximum  of  77  kW  and  the  SFP  will  begin  its  transfer  to  a  higher  orbit  for 
rendezvous  with  a  space  platform  under  construction  or  any  other  user.  During  this 
event,  the  SFP  will  be  teleoperated  from  ground  stations. 

The  SFP’s  main  conductors.  Cl  and  C2,  are  oriented  in  the  radial  direction 
to  control  the  direction  of  the  propulsive  force,  Fp.  The  propulsive  force  will  mainly 
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be  directed  to  maximize  the  increase  in  orbital  radius.  The  SFP  will  slowly  spiral 
radially  outward  from  the  Earth.  Occasional  redirection  of  Fp  will  be  used  to  control 
the  orbital  elements  such  as  inclination,  i,  and  the  longitude  of  the  ascending  node, 
ft.  This  will  allow  the  SFP  to  rendezvous  with  its  target. 

If  truss  making  is  underway,  full  power  cannot  be  devoted  to  propulsion,  only 
68  kW  is  available,  and  the  altitude  will  rise  initially  at  a  long  term  climb  rate,  r^r, 
of  5.0  km  I  day.  With  no  truss  making,  77  kw  can  be  applied  to  the  propulsion  system 
to  raise  the  altitude  of  the  orbit,  vlt  will  equal  or  exceed  10.67  km/day.  Both  of 
these  rates  are  for  a  worst  case  scenario  of  a  full  payload  (31,300  kg).  If  payload  is 
limited  to  just  completed  trusses,  77  kW  will  give  a  climb  rate  of  16.7  km j day. 

10.2.5  Event  5  —  Rendezvous  and  Delivery.  After  rendezvous  with  a 
target  vehicle  or  platform,  astronauts  in  the  vicinity  will  control  the  SFP  via  remote 
links.  At  the  minimum  safe  distance  to  the  target  vehicle,  the  SFP  will  mcneuver 
to  place  the  SFP’s  working  surface  toward  the  target  platform.  The  SFP  will  use 
its  precision  maneuvering  capability  to  position  itself  and  station  keep  in  the  most 
convenient  relative  location  for  cargo  transfer.  Maintaining  this  relative  position 
may  require  all  available  power  depending  on  the  stand-off  conditions.  Delivery  will 
be  accomplished  with  the  remote  manipulators  and  the  SFP’s  docking  system  (see 
Figure  10.6).  Delivery  may  entail  the  actual  installation  or  hand-off  of  truss  or  other 
cargo  to  another  space  structure. 

10.2.6  Event  6  —  Return  Orbit  Transfer.  After  the  delivery  of  the  SFP 
manufactured  trusses,  an  orbit  transfer  down  to  300  km  is  necessary  to  acquire  an¬ 
other  external  tank.  The  SFP  will  maneuver  to  apply  the  major  component  of  Fp  in 
the  —V  direction,  and  transfer  back  to  a  low^r  orbit  to  rendezvous  with  a  future  shut¬ 
tle  mission.  The  duration  of  this  event  is  dependent  on  the  current  allowed  through 
the  conductor;  100  A  drops  the  SFP  from  500  to  300  km  altitude  in  approximately 
15  days.  Control  of  the  SFP  will  be  from  ground  stations  during  this  event. 
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Figure  10.6  The  SFP  truss  maker. 

10.2.7  Event  0  —  Orbital  Maintenance.  Orbital  maintenance  occurs 
anytime  the  SFP  must  remain  at  a  specific  altitude.  This  mainly  occurs  while 
waiting  for  another  external  tank.  In  the  worst  case,  a  pause  at  300  km  would 
typically  require  15  kW  to  maintain  this  altitude.  Slightly  less  power  is  required  as 
the  altitude  of  the  orbit  increeises.  A  reduction  in  the  drag  force  reduces  the  power 
necessary,  but  a  concurrent  reduction  in  the  magnitude  of  the  B-field  counters  this 
reduction. 


10.3  Advantages  of  the  SFP 

The  SFP  offers  three  primary  capabilities  that  enhance  the  construction  of 
large  structures  in  space.  The  SFP: 

•  fabricates  structural  trusses  in  orbit 

•  maneuvers  with  limited  expenditure  of  propellants 

•  docks  with  precision 
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Designing  for  these  capabilities  has  also  resulted  in  additional  capabilities.  The  large 
excess  in  SFT  power  during  periods  of  limited  maneuvering  and  the  SFP’s  servicing 
system  are  important  resources  that  can  be  exploited.  First,  the  primary  capabilities 
will  be  addressed. 

10.3.1  Fabrication  of  Trusses.  Trusses  will  provide  the  basic  structure 
for  large  structures  in  space.  It  can  be  demonstrated  that  manufacturing  trusses  in 
orbit  from  expended  external  tanks  is  more  efficient  than  launching  them  from  Earth 
by  comparing  the  amounts  of  truss  that  can  be  brought  to  orbit  by  both  means. 

The  dimensions  of  the  payload  compartment  of  a  space  launch  vehicle  is  the 
limiting  factor  on  how  much  truss  can  be  brought  to  orbit  in  a  single  mission.  Of 
the  space  launch  vehicles  currently  in  the  U.S.  inventory,  the  space  shuttle  has  the 
greatest  capacity  to  carry  truss.  The  shuttle  cargo  bay  is  a  cylinder  4.57  m  in 
diameter,  and  18.29  m  long  (17:13.3).  The  practical  constraints,  because  of  tie-down 
and  handling  requirements,  are  likely  4.5  m  diameter  and  18  m  long  in  a  mission 
completely  dedicated  to  carrying  truss  (no  unpressurized  berthing  adapter).  The 
maximum  number  of  1  m  x  1  m  squeire  cross  section  trusses  (SFP  equivalent)  that 
the  orbiter  can  carry  is  10,  for  a  maximum  length  of  180  m  of  truss  per  mission  (see 
Figure  10.7).  If  the  square  truss  is  replaced  with  hexagonal  truss  (1  m  cross  corner 
to  far  corner  in  cross-section)  for  more  efficient  packing,  the  orbiter  can  carry  up  to 
19  trusses,  for  342  m  of  truss  per  mission  (see  Figure  10.7).  The  hexagonal  truss 
represents  the  worst  c«ise  competition  for  the  SFP. 

The  SFP  can  produce  730  m  of  truss  from  the  material  provided  by  the  re¬ 
duction  of  a  single  external  tank.  This  exceeds  the  amount  of  square  or  hexagonal 
tru.ss  that  can  be  carried  in  the  shuttle  cargo  bay.  When  using  the  operational  SFP, 
an  external  tank  from  a  single  shuttle  mission  will  be  equivalent  to  over  four  truss 
dedicated  shuttle  missions  for  a  square  truss  and  over  two  dedicated  shuttle  missions 


Best  1  Meter  Square 
Truss--10 


Best  1  Meter  Hex 
Truss--19 


Figure  10.7  A  cross-section  of  trusses  in  the  shuttle  cargo  bay.  The  maximum 
number  of  SFP  equivalent  trusses  that  can  be  carried  in  the  shuttle 
orbiter  cargo  bay. 

for  a  hexagonal  truss.  In  addition,  when  delivering  an  external  tank  to  the  SFP,  the 
shuttle  bay  is  left  empty  for  other  cargo. 

If  all  efforts  were  dedicated  to  delivering  truss  into  space  —  as  would  be  the 
case  for  constructing  Boeing’s  Solar  Power  Satellite  —  the  space  shuttle  could  carry 
loaded  material  magazines  for  the  truss  maker  in  its  cargo  bay.  The  shuttle  can  carry 
the  material  equivalent  to  seven  reduced  external  tanks  before  reaching  its  maximum 
payload  mass.  The  resulting  mission  could  produce  5840  m  of  truss.  Without  an 
SFP,  32  dedicated  shuttle  missions  would  be  required  to  deliver  the  same  square  truss, 
or  17  mission  would  be  required  to  deliver  similar  hexagonal  truss.  If  the  shuttle 
was  unable  to  carry  its  external  tank  to  orbit,  but  the  SFP  already  existed,  the 
shuttle  could  supply  the  SFP  from  its  cargo  bay  with  enough  pre-loaded  magazines 
to  produce  5110  r  of  truss.  This  is  equivalent  to  over  28  missions  carrying  the 
square  truss  or  almost  15  missions  carrying  the  hexagonal  truss. 


Truss 

Break  Even 

SFP  Total  Truss 

Space  Shuttle  Total  Truss 

Square 

11 

2190  m 

1980  m 

Hexagonal 

16 

5840  m 

5472  m 

Table  10.4  This  table  gives  the  number  of  spaee  shuttle  missions  required  for  the 
SFP  to  break  even  against  dedicated  truss  shuttle  missions  and  the 
resulting  amounts  of  truss. 

The  cost  of  the  SFP  can  be  considered  as  the  number  of  missions  required  to 
bring  the  SFP  to  an  operational  status  (8  assembly  missions  plus  1  mission  for  initial 
salvage  setup).  After  these  9  missions,  the  SFP  can  deliver  730  m  of  truss.  If  the 
shuttle  had  not  constructed  the  SFP  during  those  missions,  it  could  have  delivered 
1620  m  of  square  truss  or  3078  m  of  hexagonal  truss  from  its  cargo  bay.  After  SFP 
assembly,  every  external  tank  from  subsequent  shuttle  missions  gets  transformed  into 
730  m  of  truss  while  dedicated  truss  shuttle  missions  only  provide  180  m  or  342  m, 
respectively.  A  “break  even”  point  occurs  at  the  total  mission  number  where  the 
SFP  produces  more  truss  than  the  shuttle  can  deliver  in  its  cargo  bay.  Table  10.4 
gives  the  break  even  points  compared  against  both  the  square  and  hexagonal  truss. 
Remember,  on  SFP  shuttle  missions,  the  cargo  bay  is  completely  available  for  other 
payloads.  If  large  amounts  of  truss  are  required  for  future  orbital  applications,  it 
is  clear  that  manufacturing  trusses  in  orbit  from  expended  external  tanks  is  more 
efficient  than  manufacturing  trusses  on  Earth. 

10.3.2  Maneuvers  with  Limited  Fuel.  The  electrodynamic  propulsion 
system  ha.s  another  important  economical  advantage  —  it  only  expends  propellant 
for  augmented  z-axis  thrust.  Fortunately,  z-axis  thrust  is  only  mandatory  during 
stand  off  maneuvers.  The  ASSET  platform  was  expected  to  use  5,455  kg  of  fuel 
each  year  just  to  maintain  its  orbit.  The  SFP  uses  no  fuel  for  orbit  maintenance. 
In  addition,  the  SFP  Wtis  designed  with  the  capability  of  transporting  large  cargoes, 
such  as  a  complete  external  tank.  It  can  raise  an  external  tank  from  a  300  km  orbit 
to  a  500  km  orbit  without  expending  any  fuel.  For  a  comparison,  the  mass  of  the 
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fuel  required  for  the  ASSET  boost/deboost  modules  to  make  the  same  tramsfer  of 
ail  external  tank  was  determined  and  is  presented  next. 

Using  the  fuel  efficient  Hohmann  transfer,  a  total  AV  of  113  rajs  is  required. 
The  empty  external  tank  mass,  rriETi  is  31,300  kg.  Two  boost/deboost  modules 
provide  4,448  N  of  thrust  and  have  a  mass,  m*,  of  1,429  kg.  Their  initial  supply  of 
hydrazine  fuel  has  a  mass,  m/  of  10,884  kg.  The  engines  have  an  lap  of  230  s,  which 
equates  to  an  engine  exhaust  velocity,  of  23.47  mfs.  Using  the  rocket  equation: 

Al/  =  V;in—  (10.1) 

m 

with  the  initial  mass,  mo  =  tuet  +  »7ie  +  m/,  the  final  mass,  m,  can  be  deter¬ 
mined  (93:187).  Solving  for  the  change  from  mo  to  m,  the  amount  of  fuel  required 
is  308  kg.  The  SFP  could  make  18  equivalent  transfers  (9  round  trips)  in  one  year 
without  expending  any  hydrazine.  A  total  of  5544  kg  of  fuel  would  be  saved. 

All  fuel  must  be  launched  from  Earth  —  requiring  a  significant  percentage 
of  the  total  space  launch  payload  capacity.  The  advantage  of  an  electrodynamic 
propulsion  system  that  does  not  have  to  expend  fuel  is  apparent. 

10.3.3  Precision  Docking.  As  described  in  Section  8.3,  the  controllability 
of  the  electrodynamic  propulsion  system  and  the  absence  of  exhaust  plumes  make 
the  SFP  ideal  for  docking  maneuvers.  The  problems  that  have  plagued  all  docking 
systems  to  date  have  been  eliminated.  This  capability  would  be  invaluable  for  the 
construction  of  large  structures  in  space. 

10.3.4  Additional  SFP  Capabilities.  In  addition  to  the  capabilities  di¬ 
rectly  resulting  from  the  exploited  technologies,  two  additional  capabilities  axe  by¬ 
products  of  the  SFP  design,  its  abundant  electrical  power  and  its  remote  manipula¬ 
tors. 
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The  SFP  has  two  solar  dynamic  power  units  and  the  ASSET’S  photovoltaic 
arrays.  These  provide  more  th«ui  62  kW  of  power  that  can  be  exploited  while  the 
SFP  is  simply  maintaining  an  orbit.  Possible  uses  for  this  power  include: 

•  power  for  work  sites 

•  power  for  additional  fabrication  systems  that  further  exploit  the  material  from 
external  tanks 

•  power  for  extended  duration  shuttle  missions 

•  power  for  science  experiments 

The  SFP  has  two  remote  manipulators  for  the  support  of  truss  manufacturing 
and  product  delivery.  They  are  a  valuable  resource,  and  can  be  used  in  a  variety  of 
tasks,  including  construction  and  maintenance  of  other  space  platforms. 

10.4  Conclusion 

The  typical  operations  and  primary  capabilities  of  the  SFP  have  been  reviewed. 
The  robust  and  flexible  features  of  the  SFP  facilitate  the  complete  or  partial  accom¬ 
modation  of  almost  all  space  operations. 
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XL  Design  Sensitivities 


11.1  Introduction 

As  described  in  the  introduction,  this  chapter  supports  the  decisions  made 
during  the  design  process.  It  provides  increased  detail  on  a  collection  of  subjects 
that  impacted  the  study.  All  of  the  issues  presented  arose  in  the  course  of  the  study 
aad  were  integrated  into  the  overall  design  of  the  SFP.  They  are  developed  at  the 
end  of  the  report  because  their  level  of  detail  would  detract  from  continuity  in  the 
body  of  the  report.  The  order  they  are  presented  in  does  not  reflect  a  ranking  of 
their  importance. 

11.2  SFP  Design 

The  final  design  of  the  SFP  is  unquestionably  a  result  of  the  requirements  and 
constraints  levied  upon  the  study  at  its  inception.  Early  on  in  the  design  synthesis, 
decisions  were  made  that  drove  the  SFP’s  design  to  the  end  seen  in  this  study.  The 
primary  factor  affecting  the  design  Wcis  the  conscious  decision  for  the  SFP  to  be 
capable  of  performing  a  steady  state  ^-bar  standoff  maneuver.  This  decision,  more 
than  any  other,  drove  the  design.  The  final  design  of  the  SFP  specifically  supports 
the  /Z-bar  standoff  capability  outlined  in  Section  3.2.  If  different  requirements  were 
levied,  the  design  of  the  SFP  would  be  different.  A  number  of  the  components  and 
subsystems  of  the  SFP  would  change. 

First,  consider  the  conceptual  requirements  for  performing  the  /Z-bar  maneu¬ 
ver.  The  POTV  design  proposed  by  Lawrence  used  long  towers  that  were  assumed 
to  be  rigid.  The  POTV  was  capable  of  /Z-bar  standoff,  but  only  at  the  price  of  ex¬ 
tremely  high  currents  and  power  requirements.  To  perform  a  50  m  /Z-bar  standoff, 
the  POTV  required  sustained  current  levels  in  excess  of  400  A.  With  the  conductor 
circuits  closed  through  the  ionosphere,  the  power  levels  (estimated  to  be  between 
44  kW  and  325  kW)  and  heat  transfer  problems  would  be  severe.  Note  that  this  is 
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for  a  vehicle  with  a  total  mass  of  37,870  kg.  The  significance  of  this  is  that  the  SFP’s 
total  mass  is  110,609  kg.  The  final  conductor  lengths,  at  4950  m,  are  significantly 
longer  than  those  used  for  the  POTV.  The  most  significant  difference  that  allows 
the  SFP  to  be  more  massive  is  the  concept  of  shielding  portions  of  the  conductors, 
as  discussed  in  Section  6.2.2.4.  This  allows  the  conductor  loops  to  be  collapsed  and 
closed  on  the  SFP  itself  rather  than  through  the  ionosphere. 

Prior  to  the  incorporation  of  the  shielded  loops  concept,  trusses  similar  to  those 
outlined  by  Lawrence  (49:D.2),  were  to  be  used  to  house  the  conductors.  When 
shielding  was  incorporated,  multiple  loops  were  established  rather  than  single  con¬ 
ductors  closed  through  the  ionosphere  with  plasma  contactor  devices.  It  quickly 
became  apparent  that  the  conductor  loops  required  to  support  the  7?-bar  require¬ 
ments  would  be  completely  unmanageable  due  to  their  size.  The  main  conductors, 
Cl  and  C2,  of  the  final  SFP  design  are  23.16  cm  in  diameter  for  each  path.  There 
is  no  way  to  bring  conductor  bundles  of  this  size  into  orbit,  except  in  pieces.  This 
would  then  require  assembling  the  conductors  and  towers  in  space  a  task  deemed 
infeasible.  This  led  to  the  decision  to  use  an  integrated  truss  concept  similar  to  that 
used  by  Space  Station  Freedom.  The  truss  is  meinufactured  on  Earth,  and  has  all 
necessary  hardware  installed  prior  to  launch.  As  the  design  process  continued,  the 
sizing  of  the  conductors  led  to  all  of  the  trusses  being  converted  to  integrated  trusses. 

Once  the  design  iterations  began,  the  two  primary  limiting  factors  on  the  size 
and  performance  of  the  SFP  were  identified  to  be  power  and  heat  transfer.  The  best 
power  systems  identified  by  the  analysis  of  available  systems  (see  Section  11.8  —  solar 
dynamic  power  modules  —  can  only  provide  approximately  82  kW  when  combined 
with  the  ASSET  photovoltaic  arrays.  Of  this,  only  77  kW  is  available  for  propulsion; 
a  power  level  which  falls  extremely  short  of  the  requirement  identified  by  Lawrence. 
However,  because  the  shielded  loops  are  closed  on  the  vehicle  itself,  this  power  is 
sufficient  for  performing  the  required  i?-bar  maneuver.  Using  77  kW  as  the  maximum 
power  available  for  propulsion,  the  orbit  history  design  program  (see  Section  6.3.8) 
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was  used  iteratively  to  determine  the  lightest  configuration  that  could  perform  the 
required  fi-bar  maneuver. 

Closely  related  to  the  power  issue  is  the  heat  transfer  problem.  Because  of  the 
bundling  of  the  conductors,  there  is  a  potential  for  high  temperatures  (due  to  the 
i^R  heat  dissipation  term  in  the  power  equation).  A  one  dimensional  heat  transfer 
analysis  was  incorporated  into  the  design  software  to  make  sure  the  conductor  core 
temperatures  did  not  exceed  the  design  limit.  The  design  limit  was  arbitrarily  set  at 
a  safety  factor  of  1.5.  The  power  available  for  propulsion  is  low  enough  that  for  the 
final  design  of  the  SFP,  heat  transfer  is  not  an  issue.  However,  during  orbit  transfers 
from  a  higher  orbit  to  a  lower  orbit,  additional  load  resistance  must  be  placed  in  the 
circuits.  The  additional  resistance  is  required  to  prevent  the  induced  voltage  from 
generating  currents  that  would  exceed  the  conductor’s  heat  transfer  capabilities. 

Taking  all  of  these  concerns  into  account  during  the  iterative  design  process, 
the  final  design  of  the  SFP  is  a  compromise  between  performance  and  power.  The 
optimization  of  the  design  was  essentially  heuristic.  Portions  of  the  process  were 
numerically  optimized,  such  as  the  analysis  of  the  conductor  tower  size  versus  the 
conductor  length  (see  Section  11,11).  The  overall  process  was  not  numerically  opti¬ 
mized  in  its  entirety  due  to  the  interaction  of  the  linear  system  control  design  process 
with  the  remainder  of  the  process.  A  specific  design  was  proposed  and  then  tested. 
Once  the  design  was  near  that  of  the  final  configuration,  the  task  was  to  determine 
the  number  of  turns  in  each  conductor  so  as  to  minimize  the  total  vehicle  mass. 

While  the  process  itself  might  not  change  if  the  requirements  were  different,  the 
final  design  would  certainly  be  different.  The  SFP  is  designed  to  perform  a  steady 
state  /2-bar  maneuver,  not  perform  optimal  orbit  transfers,  nor  any  other  functions. 
The  sizing  of  the  vehicle,  the  sizing  of  the  conductors,  the  placement  of  the  power 
systems,  the  placement  and  maneuverability  of  the  truss  maker,  and  the  function 
of  the  augmentation  thrusters  are  all  oriented  toward  successfully  performing  the 
/Z-bar  maneuver  described  in  Section  3.2. 
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11.3  SFP  Manning  and  Control 

During  development  of  the  SFP,  it  was  decided  to  design  the  prototype  without 
a  habitation  module.  The  primary  advantage  of  this  decision  is  the  removal  of  com¬ 
plications  associated  with  pressurization.  Pressurized  modules  are  highly  complex 
eind  require  increased  safety  considerations  (62:187).  Pressurized  adapters  necessary 
for  connecting  two  pressurized  environments,  like  a  habitation  module  and  a  space 
shuttle,  also  add  a  high  degree  of  complexity. 

The  lack  of  habitation  modules  on  the  SFP  has  two  disadvantages:  there  are  no 
additional  pressurized  workspaces  available  for  SFP  assembly  and  operations  when 
the  space  shuttle  is  on  a  mission,  and  there  are  no  permanently  manned  capabili¬ 
ties  for  SFP  assembly  and  operations  when  the  space  shuttle  is  away  from  the  SFP. 
The  first  disadvantage  is  an  inconvenience  and  can  be  overcome  with  prior  plan¬ 
ning.  The  second  disadvantage  is  significant.  There  will  be  no  on-orbit  crew  to 
participate  in  the  SFP  processes  or  react  to  contingency  operations  when  the  space 
shuttle  is  away.  This  deficiency  can  be  countered  with  an  increased  emphasis  on 
ground  controlled  remote  manipulators.  There  are  several  groups,  including  SPAR 
Canada,  who  contend  that  ground  control  should  be  incorporated  into  Space  Station 
Freedom  (61),  (62),  and  (36). 

The  Space  Station  Freedom  Program  Office  anticipates  the  capability  to  sup¬ 
port  130  hoursfyear  of  EVA  over  the  life  of  Space  Station  Freedom.  The  Space 
Station  Freedom  Task  Team  estimates  the  EVA  required  just  to  maintain  Space  Sta¬ 
tion  Freedom  will  average  3276  hoursfyear  (36:76).  Ground  control  of  the  Space 
Station  Freedom  mobile  servicing  system  can  make  a  significant  impact  on  eliminat¬ 
ing  this  dilemma. 

Prior  to  permanently  manned  capability  on  Space  Station  Freedom,  ground 
based  control  of  manipulators  is  being  proposed  for  many  tasks.  For  example,  time 
consuming  processes,  like  inspections,  can  be  accomplished  while  the  crew  is  rest¬ 
ing  between  EVA  missions  or  while  the  space  shuttle  is  away  (62:185).  Payload 
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servicing,  maintenance  tasks,  and  assembly  work  are  also  being  considered  in  these 
situations  (36:80). 

Primarily,  there  are  two  concerns  with  ground  based  control:  the  performance 
reliability  of  the  remote  manipulators  and  the  time  delay  associated  with  space- 
ground  communications  (61:338).  Reliability  is  and  must  continue  to  be  engineered 
into  the  proposed  manipulator  systems.  The  SFP  design  includes  two  complete 
manipulator  systems  for  its  servicing  system.  This  naturally  enhances  reliability 
through  redundancy.  The  4-10  sec  time  delay  issue  is  also  receiving  attention.  De¬ 
creasing  the  time  delay  has  been  determined  infeasible,  so  approaches  to  controlling 
the  manipulators  with  a  time  delay  are  being  considered  (61:344). 

Currently,  there  are  two  competing  approaches  for  managing  the  time  delay: 
time  delayed  teleoperation  and  supervised  automation  (36:79).  Tests  have  shown 
that  whenever  a  time  delay  exceeds  0.5  sec,  time  delayed  teleoperations  reduce  to 
a  control  strategy  where  the  operator  commands  a  small  motion  of  the  manipulator 
and  waits  to  observe  the  response  at  the  remote  sight  (62:189).  This  strategy  is  time 
consuming,  fatiguing,  and  error  prone.  Also,  when  tasks  require  maiiipulator  contact 
with  the  environment,  the  interaction  forces  are  difficult  to  control.  Supervised 
automation  is  a  more  appropriate,  but  still  limited  approach  (36:81).  In  this  strategy, 
manipulator  actions  are  carefully  pre-planned  prior  to  execution.  An  accurate  world 
model  simulation  is  required  to  predict  the  response  of  the  manipulator  system  to  the 
commanded  action.  Operations  consist  of  many  short  automated  sequences  strung 
together.  The  operator  commands  the  start  of  a  sequence,  monitors  the  progress  of 
the  sequence,  and  verifies  the  completion  of  the  sequence  prior  to  executing  a  new 
sequence.  The  major  limitation  is  that  the  planned  manipulator  tasks  must  be  time 
invariant.  This  eliminates  operations  requiring  real  time  feedback  like  grasping  a 
moving  object. 

The  SFP  will  incorporate  supervised  automation  for  ground  control  of  the 
remote  manipulators  during  time  invariant  tasks,  but  when  time  variance  is  a  factor, 
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controlling  will  be  limited  to  workstations  in  the  vicinity  of  the  SFP  that  do  not 
experience  a  time  delay.  These  concepts  extend  to  the  majieuvering  control  of  the 
SFP  as  well.  Control  of  the  SFP  propulsion  system  will  occur  from  the  ground  except 
when  operations  like  docking  require  real  time  feedback. 

In  many  of  the  control  scenarios,  operators  will  be  unable  to  physically  view 
the  operations  they  are  commanding.  Numerous  camera  and  lighting  systems  —  as 
described  in  Chapter  VIII  —  are  expected  to  compensate  for  the  limitation.  In  1990, 
the  Manipulator  Development  Facility  at  NASA  Johnson  Space  Center  conducted 
a  study  that  examined  the  importance  of  visual  aids  during  manipulator  opera¬ 
tions  (39).  The  study  concluded  that  physical  viewing  was  not  required  for  success¬ 
ful  manipulator  operations.  In  their  scenarios,  the  runs  accomplished  with  camera 
viewing  instead  of  physical  viewing  were  actually  smoother  (39:155).  In  fact,  in 
the  current  Space  Station  Freedom  designs,  the  placement  of  the  habitation  module 
windows  virtually  eliminates  direct  viewing  of  the  mobile  servicing  system  (36:81). 
Manipulator  operations  can  be  performed  without  physically  viewing  the  work  site. 

11.4  Truss  Making  Machine  Tradeoff 

It  was  originally  thought  ASSET  salvaged  flat  plate  material  could  be  welded 
together  to  form  continuous  flat  plates.  These  continuous  flat  plates  could  then 
be  fed  into  a  triangular  truss  maker  similar  to  General  Dynamics  and  Grumman 
machines  to  form  longitudinal  open  cap  sections.  The  cross  braces  and  diagonal 
braces  could  be  ASSET  salvaged  I-beam  material,  cut  to  appropriate  lengths  and 
attached  to  the  formed  longitudinal  cap  sections.  Cross  brace  feed  magazines  could 
store  and  properly  place  the  I-beam  material  for  weld  attachment. 

A  structural  analysis  performed  on  the  triangular  truss  described  above  showed 
this  configuration  to  be  extremely  stiff  in  both  bending  and  torsion  for  all  anticipated 
loads.  This  strength  was  due  in  part  to  the  thickness  of  the  aluminum  material 
salvaged  from  the  external  tank  during  the  ASSET  salvage  operation.  However,  the 
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thickness  of  the  material  was  one  of  the  reasons  the  idea  of  simple  modifications 
to  earlier  machines  was  eventually  eliminated.  Based  on  discussions  with  Hobart 
V/elding  Company  (41),  the  thickness  of  the  salvaged  aluminum  was  too  great  to 
form  the  material  into  the  desired  cap  shape. 

The  inability  to  form  the  material  into  cap  sections  was  not  the  only  reason 
for  dismissing  the  idea  of  modifying  the  General  Dynamics  and  Grumman  truss 
making  machines  from  consideration.  Using  the  I-beam  material  as  cross  bracing 
would  have  misused  material  already  in  a  suitable  configuration  for  the  longitudinal 
members.  Also,  the  complexity  added  to  the  SFP  truss  maker  through  the  heating, 
forming,  and  cooling  processes  required  to  produce  the  truss  was  not  compatible 
with  minimizing  support  missions  to  operate  the  SFP. 

The  possibility  of  making  simple  modifications  to  the  General  Dynamics  and 
Grumman  truss  makers  was  eliminated  from  further  consideration  as  an  option  for 
the  SFP  truss  fabrication  facility.  However,  several  of  the  truss  construction  pro¬ 
cesses  demonstrated  as  feasible  during  the  General  Dynamics  and  Grumman  design 
studies  are  incorporated  into  the  SFP  final  design.  The  SFP  truss  fabrication  ma¬ 
chine  design  is  described  in  Section  5.3. 

11.5  Truss  Product  and  Truss  Maker 

Modifications  to  the  automated  reduction  of  external  tanks  accomplished  dur¬ 
ing  the  ASSET  salvage  operation  are  required.  These  modifications  are  required  to 
put  the  ASSET  salvaged  material  into  usable  SFP  truss  fabrication  form. 

The  configuration  of  the  SFP  truss  product  was  driven  by  the  following: 

•  product  features  (strength,  ease  of  joining,  ease  of  handling,  etc.) 

•  reduce  excess  material/debris  when  transforming  ASSET  raw  material  into 

usable  SFP  truss  maker  form 

•  minimize  modifications  to  ASSET  salvage  operations 
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•  reduce  ASSET  and  SFP  material  handling  requirements 

•  ensure  the  SFP  truss  maker  fits  into  the  shuttle  ccU'go  bay 

Based  upon  these  constraints  and  the  material  available,  an  equation  was  for¬ 
mulated  to  determine  the  appropriate  length  of  the  diagonal  truss  member.  The 
final  SFP  produced  truss  configuration  is  based  upon  using  1.035  m  T-beam  cross 
members.  This  left  the  length  of  the  truss  bay  as  the  only  unknown.  Justification 
for  the  1.035  m  cross  member  length  is  discussed  next. 

11.5.1  Cross  Member  Length.  The  webs  of  the  I-beams  produced  during 
the  ASSET  salvage  operation  are  cut  lengthwise  to  produce  T-beams.  T-beams 
are  used  as  the  longitudinal  and  cross  members  of  the  SFP  fabricated  truss.  The 
T  s^'f  pe  of  the  longitudinal  members  lends  itself  to  either  a  rectangular  or  square 
shaped  truss.  The  SFP  truss  maker  produces  a  truss  with  a  square  cross  section. 

S^llvaged  T-beam  material  generated  during  the  salvage  op-  .ation  comes  in 
two  basic  lengths,  4.14  m  and  5.715  m.  Quantities  of  the  5.715  m  length  material 
far  exceed  the  4.14  m  length.  However,  by  cutting  the  4.14  m  length  material  into 
four  equal  length  pieces  of  1.035  m,  an  adequate  supply  of  cross  member  material  is 
produced.  By  using  the  shorter  material  in  this  manner,  the  longer  material  is  more 
efficiently  used  as  the  truss  longitudinal  and  diagonal  members.  This  also  reduces 
waisted  material  and  because  the  entire  4.14  m  T-beams  are  equally  divided  into 
fourths,  debris  is  eliminated. 

11.5.2  Bay  Length.  The  flat  plate  material  produced  during  salvage 
operations  is  cut  lengthwise  to  produce  five  equal  width  strips.  These  strips  are  used 
<is  diagonal  members  for  the  SFP  produced  truss.  The  length  of  the  truss  diagonals 
determines  the  bay  length  of  the  truss. 

As  in  the  c<ise  of  the  T-beam  material  generated  during  the  salvage  operation, 
flat  plate  material  can  be  produced  up  to  the  same  two  basic  lengths,  4.14  m  and 
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Figure  11.1  Side  view  of  truss  bay  defining  variables  used  to  determine  the  length 
of  the  truss  diagonal  member. 

5.715  m.  However,  the  actual  length  of  the  diagonal  member  will  be  less  because  of 
the  modified  angle  cut  performed  by  the  primary  cutter.  The  special  cut  is  necessary 
to  achieve  a  proper  truss  diagonal  fit  and  minimize  debris.  The  determination  of 
whether  to  use  the  5.715  m  material  or  the  4.14  m  material  for  the  diagonal  member 
reduces  to  a  geometry  problem.  The  5.715  m  material  will  be  addressed  to  illustrate 
the  problem. 

The  first  step  in  the  problem  formulation  was  to  identify  appropriate  variables 
(see  Figures  11.1  &  11.2).  The  following  variables  are  defined: 
c  =  SFP  truss  diagonal  length 
X  =  inside  bay  length 

6  =  angle  between  the  longitudinal  T-beam  flange  and  the  diagonal  member  center- 
line 

y  =  length  of  unsalvaged  ASSET  material 

The  goal  was  to  solve  for  length,  c,  from  the  5.715  m  of  available  flat  plate  material. 
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Figure  11.2  Angled  cut  required  by  the  primary  cutter  —  5.715  m  material 


Mathematically  this  is  written: 


c  +  y  =  5.715  (11.1) 

Note  from  Figure  11.1, 

_  1.035 
sin(0) 

and  from  Figure  11.2, 

_  0.2418 
^  ta,n{9) 

Plugging  these  functions  into  Equation  11.1  and  solving  for  6  produces: 

$  =  12.8° 


The  total  length  of  one  bay  is  determined  by  adding  3.175  cm  to  the  inside  bay 
length  variable,  i.  This  accounts  for  the  small  length  occupied  by  the  cross  members. 
Therefore,  the  total  bay  length  becomes  4.529  m.  A  summary  of  where  the  material 


Member  Type 

Lengths 

Quantities 

Bays 

Diagonal 

4.655  m 

1335 

166 

Cross 

1.035  m 

748 

187 

Longitudinal 

5.715  m 

514 

184 

Table  11.1  Summary  of  truss  member  lengths  when  using  5.715  m  ASSET  salvaged 
material  to  determine  diagonal  member  lengths. 

will  be  used,  the  material  lengths  and  quantities,  and  the  possible  number  of  truss 
bays  produceable  for  each  type  of  material  is  included  in  Table  11.1.  Using  the 
smallest  number  of  bays  possible  and  a  bay  length  of  4.529  m,  provides  a  730  m 
continuous  truss.  This  represents  the  longest  continuous  truss  possible  from  the 
4.529  m  bay  configuration. 

The  main  advantages  of  this  configuration  are  its  efficient  use  of  material  while 
minimizing  debris,  the  relatively  small  quantities  of  material  to  be  handled,  and  the 
intermediate  size  of  the  truss  maker  required  to  produce  this  configuration. 

The  same  analysis  was  performed  on  the  shorter  4.14  m  material  (see  Fig¬ 
ure  11.3).  Solving  for  6  produces: 


e  =  17.8° 


The  total  length  of  one  bay  is  determined  again  by  adding  3.175  cm  to  the 
inside  bay  length  variable,  x.  The  total  bay  length  becomes  3.304  m.  A  summary  of 
where  the  material  will  be  used,  the  material  lengths  and  quantities,  and  the  possible 
number  of  truss  bays  produceable  for  each  type  of  material  is  included  in  Table  11.2. 
Using  the  smallest  number  of  bays  possible  and  a  bay  length  of  3.304  m,  provides  a 
700  m  continuous  truss.  This  represents  the  longest  continuous  truss  possible  from 
the  3.304  m  bay  configuration. 
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Figure  11.3  Angled  cut  required  by  the  primary  cutter  —  4.14  m  material. 


Member  Type 

Lengths 

Quantities 

Bays 

Diagonal 

3.387  m 

1740 

217 

Cross 

1.035  m 

848 

212 

Longitudinal 

5.715  m 

494 

214 

Table  11.2  Summary  of  truss  member  lengths  when  using  4.14  m  ASSET  salvaged 
material  to  determine  diagonal  member  lengths. 
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The  main  advcintage  of  producing  a  3.304  m  truss  bay  is  the  small  SFP  truss 
maker  required  to  fabricate  the  truss.  However,  the  following  disadvantages  outweigh 
this  advantage: 

•  large  quantities  of  individual  pieces  of  material  are  generated  requiring  more 
storage  and  handling  facilities 

•  large  amounts  of  welding  are  required  due  to  the  increased  quantities  of  indi¬ 
vidual  pieces  of  material  generated 

•  the  primary  cutter  is  required  to  make  a  more  complex  cut  on  the  longer  flat 
plate  material  in  order  to  size  the  diagonal  members  with  no  debris 

Based  upon  this  analysis,  the  4.14  m  flat  plate  material  salvaged  during  the 
ASSET  operation  was  discarded  as  a  candidate  for  the  SFP  truss  diagonal  members. 
The  5.715  m  flat  plate  material  was  selected  as  the  best  choice  for  the  SFP  truss 
diagonal  member. 

11.6  Welding  Technology  Tradeoff  Study 

Selecting  a  welding  technology  capable  of  welding  aluminum  in  a  space  envi¬ 
ronment  was  a  fundamental  step  in  developing  a  feasible  truss  making  process.  A 
wide  variety  of  welding  technologies  were  reviewed  to  determine  the  best  welding 
method  for  the  truss  making  application.  The  primary  factors  used  in  selecting  the 
welding  process  were  power  required,  maintainability,  and  most  important,  the  ver¬ 
satility  of  the  welding  system.  The  goal  was  to  maximize  the  versatility  features  of 
the  welding  system  due  to  the  large  number  of  welds  required,  minimize  the  power 
required,  and  maximize  the  welder’s  maintainability. 

11.7  Welding  Technologies 

On  Earth,  the  welding  process  can  be  easily  performed  by  various  methods. 
In  space,  welding  performance  is  more  complicated  due  to  the  extraordinary  char- 
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Figure  11,4  Typical  Phenomena  Caused  by  Main  Factors  of  Space 


acteristics  of  the  space  environment.  Three  main  characteristics  of  space  can  be 
distinguished  which  highly  affect  the  welding  process  (see  Figure  11.4): 

•  weightlessness 

•  ultra-high  space  vacuum 

•  presence  of  sharp  light-shade  boundciries 

As  can  be  seen  in  Figure  11.4  each  characteristic  changes  the  nature  of  physi¬ 
cal  phenomena  occurring  in  the  process  of  welding.  How  the  space  conditions  affect 
the  welding  process  depends  largely  on  the  method  used  for  joining  of  the  materi¬ 
als  (75:12).  The  three  space  characteristics  have  the  least  effect  on  those  welding 
methods  which  are  not  accompanied  by  the  use  of  the  liquid  phase.  Therefore,  ex¬ 
plosion,  diffusion,  cold,  flash  butt,  ultrasonic,  laser,  and  electron  beam  welding  are 
serviceable  in  the  zero  gravity  conditions  (75:12). 
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11.7.1  Explosion  Welding.  In  explosion  welding,  the  detonation  of  an 
explosive  is  utilized  to  accelerate  one  of  the  components  to  a  high  velocity  before  it 
collides  with  the  stationary  component.  At  the  moment  of  impact,  the  kinematic 
energy  of  the  plate  is  released  as  a  compressive  stress  wave  on  the  surface  of  the  com¬ 
ponents.  The  collision  progresses  across  the  surface  of  the  plates.  Surface  films  are 
liquefied  and  jetted  out  of  the  interface  leaving  a  perfectly  cleaji  surface.  Under  these 
conditions,  the  normal  interatomic  and  intermolecular  forces  create  a  bond  (92:49). 
This  joining  technique  was  eliminated  from  further  consideration  due  to  the  careful 
preparation  and  fit-up  of  the  components  being  treated  (75:14)  as  well  as  the  obvious 
logistic  problems  involved  in  setup  and  handling  of  the  explosive  charges. 

11.7.2  Diffusion  Welding.  Diffusion  welding  occurs  when  properly  pre¬ 
pared  surfaces  are  in  contact  under  predetermined  conditions  of  time,  pressure,  and 
elevated  temperature.  Diffusion  welding  was  eliminated  because  components  must  be 
specifically  designed  and  carefully  processed  to  produce  a  joint  successfully  (92:51). 

11.7.3  Cold  Welding.  Cold  welding  is  a  process  which  uses  pressure 
at  room  temperature  to  produce  coalescence  of  metals.  Welding  is  accomplished 
by  using  extremely  high  pressures  on  extremely  clean  interfacing  surfaces  (15:221). 
This  technique  was  eliminated  due  to  the  substantial  deformation  of  the  material  at 
the  weld  and  the  surface  preparation  required. 

11.7.4  Flash  Butt  Welding.  Flash  butt  welding  is  a  resistance  welding 
process  which  produces  coalescence  simultaneously  over  the  entire  area  of  abutting 
surfaces  by  heat  obtained  from  resistance  to  electric  current  between  the  two  surfaces 
and  by  the  application  of  pressure  after  heating  is  substantially  completed  (15:219). 
This  method  of  welding  was  eliminated  due  to  the  fact  that  undesirable  molten  metal 
and  debris  are  squeezed  out  when  both  components  are  forced  rapidly  together  to 
form  the  weld  (92:16). 
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Figure  11.5  Electron  Beam  Fundamentals 

11.7.5  Ultrasonic  Welding.  Ultrasonic  welds  are  produced  by  the  in¬ 
troduction  of  high  frequency  vibratory  energy  into  the  weld  zone  of  metals  to  be 
joined  (92:48).  Welding  occurs  when  the  ultrasonic  tip  is  clamped  against  the  work 
pieces  and  is  made  to  oscillate  in  a  plane  parallel  to  the  weld  interface.  This  process 
is  restricted  to  relatively  thin  materials  normally  in  the  foil  thickness  range  (15:226) 
and  was  therefore  eliminated  as  a  viable  welding  option. 

11.7.6  Electron  Beam  Welding.  With  electron  beam  welding,  some  form 
of  an  electron  gun  device  (Figure  11.5)  is  employed  to  simultaneously  accelerate  and 
shape  the  electron  output  directly  into  a  negatively  charged,  high  energy  particle 
beam.  The  beam  can  then  be  electromagnetically  guided  and  focused  into  a  very 
small  spot  on  the  workpiece.  Generally  electron  beam  processing  systems  require 
reasonably  good  vacuum  surroundings  (64:25). 
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Figure  11.6  Laser  Beam  Fundamentals 


11.7.7  Laser  Beam  Welding.  With  Iciser  beam  welding  (Figure  11.6),  a 
solid,  liquid,  or  gaseous  medium  is  used  for  providing  the  lasing  action  required  to 
produce  a  coherent,  neutrally  charged,  high-energy  light  beam.  The  beam  can  then 
be  optically  guided  and  focused  into  a  very  smadl  spot  on  the  workpiece  (64:25). 

11.7.8  Electron  Beam  vs  Laser  Beam  Welding.  The  choice  of  welding 
technology  was  eventually  narrowed  down  to  electron  beam  and  laser  beam  welding. 

11.7.8.1  Capabilities.  Both  processes  exhibit  the  capability  for  pro¬ 
viding  the  following  similar  weld  action  properties: 

•  very  localized  heat  affected  zones 

•  joining  of  either  thick  or  thin  materials 

•  minimal  thermal  distortion  during  welding 

•  extremely  high-quality  autogenous  fusion  welds 

•  high  depth-to-width  ration  weld  profiles 
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•  very  high-speed  welding 

However,  the  two  tend  to  exhibit  a  variety  of  dissimilar  process  utilization 
properties  because  the  fundamental  nature  of  the  high  energy  beam  each  uses  is  so 
radically  different.  The  electron  beam  generator  is  a  direct  type  of  energy  conver¬ 
sion  device,  while  a  laser  beam  generator  is  an  indirect  device;  therefore,  efficiency 
achievable  with  a  laser  beam  welder  is  lower  than  can  be  achieved  with  an  electron 
beam  welding  system.  Also,  the  degree  of  focused  beam  spot  control  achievable  with 
an  electron  beam  welder  is  greater  than  that  attainable  with  a  laser  beam  welder. 
However,  due  to  this  slightly  lower  power  density  of  the  focused  laser  beam,  the 
tendency  for  incomplete  fusion  by  the  laser  beam  welder  is  less  than  the  electron 
beam  welder  (92:22). 

The  electron  beam  welder  is  susceptible  to  stray  electrostatic  and  magnetic 
fields  adversely  affecting  the  beam’s  travel  path  due  to  the  negatively  charged  parti¬ 
cles  making  up  the  beam  (64:28).  The  susceptibility  to  stray  electromagnetic  fields 
by  the  electron  beam  welding  system  causes  concern  due  to  the  electrodynamic 
propulsion  system  utilized  on  the  SFP.  Because  a  laser  beam  welder  uses  a  neutrally 
charged  beam  it  is  not  susceptible  to  stray  electrostatic  and  magnetic  fields  (64:28). 

When  an  electron  beam  is  impinged  on  a  workpiece,  it  produces  x-rays  which 
require  shielding  around  both  the  workpiece  and  the  beam  generation/transinittal 
portions  to  ensure  personnel  safety  (64:26).  With  a  laser  beam  the  possibility  exists 
that  some  type  of  laser  light  reflection  might  occur.  Laser  welding  has  no  more 
eye  safety  risk  than  conventional  welding  (91:4);  therefore,  the  use  of  some  form  of 
simple  light  shield  is  needed  to  ensure  personnel  safety  (64:27). 

The  reliability  of  both  the  welding  systems  is  high.  However,  the  beam  gen¬ 
eration  portion  of  a  laser  beam  welding  system  requires  relatively  low  voltages,  and 
therefore  uses  power  supplies,  feed  cables  and  cavity  discharge  electrode  designs 
that  allow  longer  intervals  of  time  between  the  performance  of  periodic  mainte¬ 
nance  (64:29). 
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The  laser  beam  welding  system  allows  multiplexing  or  time  sharing  the  output 
from  a  single  laser  into  any  one  of  several  fiber  optic  cables.  These  fibers  can  extend 
the  distances  up  to  150  meters  over  which  laser  energy  can  be  delivered.  Because 
the  fibers  are  flexible,  they  can  follow  any  desired  route  to  the  workpiece.  This 
makes  fiber  optic  laser  beam  welding  ideal  for  robotics,  since  the  workpiece  may 
be  held  stationary  during  processing  (33).  The  multiplexing  capability  is  ideal  for 
welding  at  many  different  workstations,  or  for  one  large  assembly  station  requiring 
the  laser  beam  to  be  delivered  to  separate  areas  (33).  With  laser  beam  technology, 
it  is  possible  to  share  the  energy  from  one  laser  beam  among  several  fibers,  either 
alternately  or  simultaneously  (33),  which  greatly  reduces  power  requirements.  An 
electron  beam  is  not  capable  of  being  switched  between  various  workstations  (64:27). 
Fiber  optic  cabling  also  eliminates  the  need  to  constantly  re-align  mirrors,  thus 
increasing  the  stability  and  accuracy  of  the  process  (33). 

Comparing  electron  beam  welders  with  laser  beam  welders,  laser  beam  welders 
are  the  best  choice  for  SFP  use.  This  selection  was  based  upon  the  high  reliability, 
flexibility  in  directing  power  where  required,  and  overall  versatility  of  fiber  optic 
laser  beam  welding. 

11.8  Selection  of  SFP  Power  System 

The  approximate  SFP  power  requirement  was  initially  established  as  50-100  kW. 
The  various  power  alternatives  to  meet  this  demand  are  discussed  in  Appendix  Q. 
Some  of  these  power  supplies  can  be  ruled  out  immediately.  For  example,  ASSET 
power  (12  kW)  can  not  provide  the  necessary  amount.  The  ASSET  electrical  power 
system  was  optimized  to  meet  ASSET  needs  and  equipment  and  must  obviously  be 
augmented  to  provide  the  necessary  power  to  the  SFP.  Given  that  more  power  is 
needed  an  additional  source  must  be  provided. 

Any  type  of  nuclear  driven  source  can  be  ruled  out  on  the  basis  of  political  con¬ 
sequences  and  technology  issues  in  the  multi-kilowatt  regime.  The  issue  of  shielding 
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Solar  Dynamic  System 

Efficiency  (%) 

CBC 

35.6 

Stirling 

42.0 

Rankine 

15-20 

Table  11.3  Solar  dynamic  power  conversion  efficiencies  for  the  end  user. 

the  reactor  for  man  tended  operation  also  becomes  a  large  question  mark.  The  shield 
must  reduce  the  radiation  level  so  that  the  dose  received  by  the  astronauts  during 
rendezvous,  fly-by,  or  EVA  is  not  excessive.  This  would  require  a  SFP  reactor  to 
be  completely  encased  as  well  as  placed  up  to  30  m  away  from  any  equipment  or 
payload  (44:159).  Also,  beamed  power  can  not  be  counted  upon  due  to  the  large 
infrcistructure  requirements  necessary  for  both  lasers  and  microwaves.  This  leaves 
just  one  source  -  solar.  But,  whether  photovoltaic  or  some  dynamic  option  is  chosen 
can  not  immediately  be  determined. 

11.8.1  Dynamic  vs  Photovoltaic.  The  most  obvious  current  technology 
choice  to  lead  the  solar  dynamic  option  is  the  closed  Brayton  cycle  (CBC)  design 
for  Space  Station  Freedom.  This  was  the  intended  growth  mode  for  Freedom.  The 
free-piston  Stirling  cycle  (FPSE),  however,  has  shown  a  lot  of  advantages.  In  a 
fairly  recent  theoretical  study  between  various  solar  dynamic  and  two  photovoltaic 
power  systems  (silicon  arrays  and  a  gallium  arsenide  concentrator)  the  FPSE  was 
chosen  on  the  basis  of  lowest  area  and  lowest  weight  power  system  for  a  35  kW 
design  (89:1).  All  of  these  designs  were  based  on  Space  Station  Freedom  level  of 
technology.  The  CBC  design  ranked  second  and  the  alkali-metal  Rankine  cycle  was 
found  to  be  incapable  of  achieving  the  high  thermodynamic  efficiencies  and  was 
eliminated  early  on  in  the  study  (89:17).  The  efficiencies  of  the  solar  dynamic  and 
photovoltaic  systems  for  35  kW  designs  are  listed  in  Tables  11.3  and  11.4.  The 
higher  predicted  cycle  efficiency  of  the  FPSE  was  the  main  reason  it  was  chosen 
first.  In  this  study,  mass  was  the  primary  optimization  criteria  but  the  SFP  is  not 
so  mass  critical  and  other  factors  such  as  reliability,  safety,  technological  readiness. 
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Photovoltaic  System 

Efficiency  (%) 

Silicon  Array 

14.9 

Gallium  Arsenide  Array 

22 

Table  11.4  Solar  photovoltaic  array  power  conversion  efficiencies  —  to  the  end  user. 

performance,  operability,  lifetime  and  compatibility  take  on  added  dimensions.  The 
choice  was  also  based  on  projected  improvements  in  technology  expected  to  take 
place.  The  actual  development  of  the  FPSE,  however,  has  lagged  that  of  the  Brayton 
cycle  system  due  to  budget  cuts  within  NASA.  In  fact,  performance  predictions  for 
the  FPSE  are  believed  to  be  achievable  but  have  yet  to  be  demonstrated  whereas  the 
CBC  has  been  demonstrated  (89:66).  The  heat  pipe  Stirling  receiver  which  passively 
supplies  heat  to/from  the  thermal  energy  storage  and  to  the  free- piston  engine  is  at 
present  no  more  than  a  conceptual  design  (89:24).  Also,  designs  of  Stirling  engines 
were  more  suitable  for  nuclear  power  conversion  applications  (89:64).  As  such  it 
would  seem  that  a  CBC  has  the  advantage  in  technological  maturity,  reliability, 
operability  and  readiness. 

Lower  system  mass  primarily  affects  transportation  to  orbit  costs.  The  high 
efficiencies  of  the  solar  dynamic  systems  allow  for  smaller  array  sizes  per  unit  power. 
This  reduces  the  deployed  area  perpendicular  to  orbital  motion  (drag  area)  and  sub¬ 
sequent  re-boost  costs.  Comparative  drag  estimates  for  Space  Station  Freedom  are  — 
solar  dynamic  power  module  266  m?  versus  photovoltaic  modules  714  (85:247). 

As  shown  in  Section  11.10  this  corresponds  to  a  13.5  km  loss  in  altitude  in  4  days 
for  a  solar  dynamic  SFP  versus  a  31  km  loss  for  a  photovoltaic  SFP  at  an  initial 
altitude  of  300  km. 

An  additional  advantage  to  solar  dynamics  is  that  energy  storage  in  the  heat 
of  fusion  of  a  salt  is  97%  efficient  while  battery  storage  round  trip  efficiency  is  on  the 
order  of  80%  (85:248).  Although  the  solar  dynamic  system  will  require  more  man 
hours  to  install  than  a  photovoltaic  system,  the  lower  maintenance  and  resupply 
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needed  for  the  solar  dynanmic  will  quickly  overcome  the  photovoltaic  over  a  lifetime 
of  30  years  (96:779). 

Increments  of  25  kW  solar  dynamic  power  modules  (SDPM)  were  to  be  added 
to  the  Space  Station  Freeuom  baseline  of  75  kW  (solar  arrays)  to  bring  the  total 
power  to  325  kW  (8:321).  The  most  recent  cuts  to  the  space  station  have  done 
away  with  growth  beyond  the  baseline  and  the  SDPM’s  were  not  included  in  the 
revised  design.  Despite  this,  solar  dynamic  technology  is  now  ready  and  NASA  is 
committed  to  further  development  through  its  Office  of  Aeronautics,  Exploration 
and  Technology  (96:811).  As  such,  the  decision  of  this  design  study  is  to  use  the 
closed  Brayton  cycle  solar  dynamic  power  system.  A  description  of  this  design  is 
included  in  Section  7.3. 

11.9  External  Tank  Stability 

An  investigation  was  undertaken  to  determine  if  a  separated  external  tank 
could  be  left  in  orbit  by  the  space  shuttle  and  recovered  by  the  SFP  at  a  later  date, 
and  whether  it  would  be  sufficiently  stable,  through  passive  means,  for  docking  with 
the  SFP.  An  investigation  was  also  made  to  determine  whether  the  shuttle  could  be 
used  to  maintain  the  external  tank’s  attitude  if  necessary. 

It  is  extremely  difficult  to  dock  with  an  unstabilized  spacecraft.  An  uncon¬ 
trolled  satellite  with  any  initial  rotational  motion  will  soon  begin  to  spin  about  its 
axis  of  maximum  moment  of  inertia  (45:16).  Generally  the  motion  is  even  more  com¬ 
plicated  than  this  rotation  because  the  spacecraft  is  not  a  rigid  body  and  a  variety 
of  environmental  torques  are  acting  upon  it.  Some  form  of  passive  or  active  attitude 
control  on  a  spacecraft  is  required  if  it  is  a  docking  target. 

The  designed  operating  altitude  for  the  SFP  is  300-500  km.  The  external 
tank  can  be  placed  into  an  orbit  in  this  range,  with  increased  orbit  altitude  trading 
for  decreased  shuttle  fuel/payload  mass  (58:3).  It  is  believed  that  425  km  is  the 
minimum  altitude  the  external  tank  can  be  left  for  an  extended  period  of  time  (57:36). 
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Although  a  variety  of  space  environmental  torques  are  signihcant  at  these  al¬ 
titudes,  aerodynamic  and  gravity  gradient  are  primary.  These  torques  will  depend 
on  the  shape,  construction,  and  orientation  of  the  spacecraft.  Aerodynamic  torques 
typically  dominate  satellite  dynamics  below  370  km  and  gravity  gradient  torques 
dominate  above  555  km  (95:770).  Between  these  altitudes,  both  torques  can  in¬ 
teract  to  varying  degrees  with  the  spacecraft  (56:2200).  When  combined  with  the 
dynamic  nature  of  the  atmospheric  density  at  these  extreme  altitudes,  it  becomes 
apparent  that  the  applied  torque  on  a  separated  external  tank  is  difficult  to  predict. 
In  the  long  term,  the  external  tank  will  rotate  about  its  axis  of  maximum  moment 
of  inertia  (transverse  axis,  resulting  in  an  end-over-end  rotation)  and  some  unknown 
angle  to  the  orbital  velocity  vector  (57:28).  Coning  about  this  axis  is  unpredictable. 

The  above  analysis  indicates  that  an  unmodified  external  tank  should  not  be 
left  in  orbit  for  any  length  of  time.  If  it  is,  an  attitude  control  system  should  be 
added.  Possible  attitude  control  systems  fo*-  an  external  tank  have  been  studied,  and 
would  require  installation  on  every  external  tank  utilized  by  the  SFP  (58:4). 

An  alternative  procedure  would  leave  the  external  tank  and  shuttle  mated 
during  docking  so  the  shuttle  could  be  used  to  control  the  external  tank’s  attitude. 
NASA  studies  have  detailed  the  required  safing  procedures  to  be  carried  out  while 
the  shuttle  is  still  attached  (60).  Martin  Marietta,  the  manufacturers  of  the  external 
tank,  state  that  the  shuttle  has  full  attitude  control  capability  while  the  external 
tank  is  attached  (1).  These  sources  indicate  no  reason  to  preclude  the  use  of  the 
shuttle  for  attitude  control  of  the  external  tank  during  docking.  This  is  the  SFP’s 
preferred  docking  method. 

11.10  SFP  Sensitivity  to  Aerodynamic  Drag 

“When  the  orbit  perigee  height  is  below  1,000  km,  the  atmospheric  drag  be¬ 
comes  increasingly  important”  (16:213).  Without  a  counteracting  propulsive  force, 
a  spacecraft  will  eventually  re-enter  the  atmosphere  due  to  the  cumulative  effects  of 
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atmospheric  drag  (30:121).  Atmospheric  drag  is  expected  to  deorbit  ASSET  from 
an  altitude  of  296  km  in  less  than  12  days  (31:5.40).  The  SFP  must  operate  at 
the  same  altitude  as  ASSET,  therefore  potential  configurations  of  the  SFP  must  be 
investigated  to  determine  the  effects  of  atmospheric  drag. 

The  drag  force,  Fj,  is  given  by  the  equation: 


1  pVrMtoty 

2 


r 


(11.2) 


where  p  is  the  density  of  the  atmosphere,  is  the  velocity  of  the  vehicle  relative  to 
the  atmosphere,  Mtot  is  the  vehicle  mass,  and  0  is  the  ballistic  coefficient  (94:65). 

The  parameters  p  and  Vr  are  discussed  in  detail  in  section  6.2.4.  The  ballistic 
coefficient  is  defined  as; 

(11.3) 

The  vehicle  mass,  M^,  can  be  estimated  from  the  vehicle  design.  The  coefficient  of 
drag,  Cd,  depends  on  the  shape  and  motion  of  the  vehicle,  but  is  commonly  assumed 
to  be  a  constant.  References  give  typical  values  that  vary  between  1  and  3,  with 
values  greater  than  2  considered  more  realistic  (30:127).  For  this  analysis,  Cp  equals 
2.4  —  the  value  chosen  by  Miner  in  his  analysis  of  a  space  shuttle  external  tank  in 
orbit  (57:33).  The  projected  area  normal  to  the  flight  path  (drag  area).  A,  varies 
because  the  orientation  of  the  vehicle  is  constantly  changing,  and  subcomponents, 
such  as  photovoltaic  arrays,  change  orientation  relative  to  the  body  axes.  These  ori¬ 
entations  generally  vary  sinusoidally  in  the  orbit.  In  order  to  simplify  computations, 
this  analysis  uses  the  worst  case  vehicle  orientation  with  respect  to  the  flight  path 
as  a  constant  orientation. 


11.10.1  Vehicle  Drag  Area  Comparisons.  Estimates  of  the  drag  area, 
A,  were  made  for  the  likely  orbital  transfer  orientation  for  a  solar  dynamic  powered 
SFP  (see  Table  11.5  and  Figure  11.7)  and  an  alternative  all  photovoltaic  powered 
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Table  11.5  SFP  drag  area  estimates  —  solar  dynamic  powered. 


Figure  11.7  SFP  drag  profile  using  the  worst  case  drag  area  of  the  SFP  in  the 
orbital  transfer  orientation  as  projected  on  a  plane  normal  to  the  flight 
path. 
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Component 

Quantity 

External  Tank 

1 

400 

ASSET  Photovoltaic  Array 

5 

424 

Main  Integrated  Truss 

1 

6 

Cross  Integrated  Truss 

1 

50 

Total 

3340 

Table  11.6  SFP  drag  area  estimates  —  photovoltedc  powered. 


(ZS.Sdeg  i.  Damp,  4«lays) 


Figure  11.8  Deorbit  of  a  solar  dynamic  powered  SFP  without  using  the  propulsion 
system  to  maintain  orbit.  The  solar  dynamic  powered  SFP  loses  14  km 
altitude  in  4  days. 

SFP  (see  Table  11.6). 

Each  of  these  was  used  in  a  numeric  integrator  without  the  electrodynamic 
propulsion  system  functioning.  In  4  days,  the  SFP  using  solar  dynamic  power  drops 
approximately  14  km  in  altitude  (see  Figure  11.8),  while  the  all  photovoltaic  pow¬ 
ered  SFP  drops  33  km  (see  Figure  11.^).  This  demonstrates  the  significance  of 
aerodynamic  drag  and  the  significant  advantage  of  solar  dynamic  power  versus  pho¬ 
tovoltaic  power.  The  decay  rate  for  an  SFP  powered  by  all  photovoltaic  arrays  is 
not  acceptable  because  of  its  higher  associated  aerodynamic  drag. 
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(2a.Sd«g  i.  Oamp.  4diys) 


Figure  11.9  Deorbit  of  a  photovoltaic  powered  SFP.  This  radius  vs  time  plot  shows 
that  without  using  the  propulsion  system  to  maintain  orbit,  the  all 
photovoltaic  powered  SFP  loses  33  km  altitude  in  4  days. 

11.10.2  Drag  and  Altitude.  At  300  km  altitude,  the  loss  of  14  km  in  4  days 
is  still  cause  for  concern.  It  was  determined  that  11  kW  is  required  to  overcome  the 
effects  of  aerodynamic  drag  in  the  transfer  orientation  at  an  2iltitude  of  300  km  (see 
Figure  11.10).  This  leaves  a  sufficient  surplus  of  power  for  external  tank  reduction 
and  truss  fabrication.  The  power  requirements  to  maintain  orbit  are  reduced  as  the 
altitude  of  the  orbit  is  increased. 

Aerodynamic  drag  decre<ises  with  altitude  due  to  the  two  parameters  p  and 
K-  The  density  of  the  atmosphere,  p,  and  K-  decrease  with  r.  According  to  Equa¬ 
tion  11.2,  a  decrease  in  either  of  these  parameters  will  decrease  the  aerodynamic 
drag  force.  The  resulting  acceleration  on  the  SFP  drops  two  orders  of  magnitude 
(10“®  to  m/s^)  as  the  vehicle  rises  from  300  km  to  500  km  altitude.  While  the 
SFP  loses  14  km  altitude  in  4  days  at  300  km,  at  500  km  altitude  it  loses  only  3  km 
in  the  same  time  period. 
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(28.Sdto  i,  300km.  1 1  kw,  HK/t) 
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Figure  11.10  Orbit  Maintenance.  Eleven  kW  is  required  to  maintain  the  SFP’s 
300  km  altitude  when  it  is  in  the  transfer  orientation. 

11.11  SFP  Integrated  Truss  Length  vs  Number  of  Shielded  Coils 

The  shielded  coil  electrodynamic  propulsion  system  generates  thrust  propor¬ 
tional  to  the  effective  length  of  the  conductor,  L.  In  a  constant  relative  B-field,  with 
a  constant  current,  i,  the  magnitude  of  the  thrust  force,  F,  is  given  by  the  scalar 
equation: 

F  =  iLB  (11.4) 

Thus,  with  i  and  B  fixed,  the  only  way  to  increeise  F  is  to  increase  L.  The  effective 
length  of  the  conductor  is: 

L==nl  (11.5) 

There  are  two  ways  to  increase  L]  either  increase  the  number  of  turns,  n,  or  increase 
the  length  of  the  truss,  1. 

The  performance  measure  chosen  for  the  analysis  was  vehicle  acceleration,  a, 
under  fixed  conditions.  The  maximum  acceleration  under  fixed  conditions  can  be 
directly  rt  ated  to  the  vehicle  performance,  in  both  orbital  transfer  and  docking 
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maneuvers.  Acceleration  is  simply: 


a  = 


_F 

M 


(11.6) 


The  mass  of  the  vehicle,  Af ,  increases  with  L.  With  an  increase  in  /,  a  proportional 
increase  occurs  in  the  mass  of  the  supporting  truss,  the  conductor,  and  the  shield. 
An  increase  in  n  causes  a  proportional  increase  in  the  conductor  mass,  and  a  possible 
increase  in  shield  mass.  The  equation  for  the  vehicle  mass  is; 


M  =  Mo  +  I Pt  +  "i-nl Pc  +  I  iniegtri—  +  1)  ps  (11-7) 

ns 

Mo  =  the  fixed  mass  of  the  vehicle 

Pt  =  the  mass  per  unit  length  of  the  truss 

Pc  —  the  mass  per  unit  length  of  the  conductor 

Ps  —  the  mass  per  unit  length  of  the  shield 

ns  =  the  number  of  turns  for  which  the  shield  is  effective 

integer{-)  =  the  greatest  integer  <  the  value  inside  (•) 


Combining  the  Equations  11.4,  11.5,  11.6,  and  11.7  gives: 


ini  B 

Mo  +  lpr  +  2nl pc  +  /  integer{^  +  1)  ps 


(11.8) 


A  parametric  analysis  was  carried  out  by  varying  the  truss  length  from  1  m  to 
200  m  and  the  number  of  turns  from  1  to  201.  Figure  11.11  shows  the  resulting 
surface  plot  with  the  acceleration,  a,  on  the  vertical  axis.  The  plot  shows  that  an 
increase  in  n  is  generally  better  than  an  increase  in  /  for  increasing  a  in  regions  of 
pic^ctical  interest.  Note  that  the  plot  does  not  take  into  account  any  penalty  for 
increases  in  size  which  were  a  primary  concern  during  the  design  process  because  of 
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Figure  11.11  The  surface  plot  shows  that  acceleration,  a  (vertical  axis)  increases 
faster  by  increasing  n  than  by  increasing  1. 

increased  power  requirements.  This  analysis  was  verified  with  the  use  of  a  non-linear 
optimization  computer  package,  GINO  (51). 

The  use  of  shielded  conductor  loops  allows  the  truss  lengths  to  be  virtually 
any  length  desired.  Because  the  target  payload  for  the  SFP  is  an  external  tank, 
the  main  integrated  truss  was  required  to  be  at  least  50  m  to  allow  for  equipment 
clearances.  The  analysis  of  increasing  the  number  of  turns  or  the  length  of  the  truss 
to  achieve  a  given  force  showed  that  increasing  n  was  cheaper  from  a  size  standpoint 
than  increasing  /.  As  a  result,  the  length  of  the  main  integrated  truss  was  set  to 
50  m  and  the  number  of  turns  was  adjusted  to  achieve  the  required  forces. 
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XIL  Conclusion  and  Recommendations 

12.1  Conclusion 

As  described  in  the  beginning  of  this  report,  the  SFP  design  study  focused  on 
establishing  the  feasibility  of  a  space  facility  to  enhance  the  construction  of  other 
structures  in  space.  The  facility  was  to  utilize  external  tanks  from  the  space  shuttle 
and  electrodynamic  propulsion.  A  prototype  platform  was  designed  that  is  capa¬ 
ble  of  reducing  external  tanks  into  raw  material,  fabricating  the  raw  material  into 
trusses,  and  delivering  the  trusses  anywhere  in  low  inclination,  low  earth  orbit.  These 
capabilities  were  demonstrated  in  Chapter  X. 

12.2  Recommendations 

The  design  study  lays  the  foundation  for  a  space  fabrication  platform  by  estab¬ 
lishing  feasibility.  The  broad  nature  of  this  task  required  a  motivation  to  address  all 
essential  subject  areas  pertaining  to  the  SFP.  During  the  course  of  the  study,  it  was 
recognized  that  further  research  in  some  areas  will  be  essential  to  the  SFP  program 
planning  phase.  The  following  list  identifies  these  subject  areas: 

•  The  automation  required  for  truss  fabrication  needs  formal  design.  Work¬ 
ing  models  and  simulations  are  recommended  to  refine  all  details  of  the  truss 
fabrication  process.  The  areas  of  interest  span  everything  from  reducing  the 
external  tank  to  manipulating  the  completed  truss  product  for  delivery. 

•  Further  analysis  of  the  SFP  dynamic  models  is  required.  Nonlinear,  time 
variant  models  should  be  used  to  refine  the  performance  and  control  of  the 
SFP.  Changes  to  the  current  models  would  impact  almost  every  aspect  of  the 
SFP  design:  propulsion,  power,  controller,  etc. 

•  The  potential  for  power  regeneration  and  storage  in  the  SFP  needs  to  be  re¬ 
addressed.  Utilization  of  and  the  forces  associated  with  dragging  should 
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be  considered.  Energy  storage  could  include  batteries,  as  well  as  other  devices 
such  as  capacitors  and  momentum  wheels. 

•  A  review  of  the  materials  used  throughout  the  SFP  is  required.  Improvements 
in  material  technology  should  be  incorporated.  In  m<iny  areas,  the  same  ca¬ 
pabilities  may  be  realized  at  a  lighter  weight.  For  example,  composites  might 
replace  aluminum  in  the  integrated  trusses,  or  conducting  polymers  might  re¬ 
place  aluminum  in  the  propulsion  conductors. 

•  SFP  heat  transfer  issues  need  further  consideration.  An  in-depth  analysis 
incorporating  all  the  heat  sources  associated  with  the  SFP  and  potential  heat 
transfer  methods  is  required. 

•  Further  analysis  of  the  SFP  electromagnetic  emission  and  susceptibility  issues 
is  required.  Electromagnetic  compatibility  between  the  propulsion  system,  the 
fabrication  equipment,  and  all  other  devices  must  be  thoroughly  considered  in 
the  design  of  the  platform. 
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Appendix  A.  Additional  ASSET  Information 


A.l  External  Tank 

The  external  tank  is  46.9  m  long  by  8.4  m  in  diameter.  Its  mass  is  approxi¬ 
mately  31,300  kg  empty  and  nearly  752,800  kg  when  fully  loaded  with  propellants.  It 
has  three  primary  structural  components,  the  LO-i  tank,  intertank,  and  LH2  tank, 
made  primarily  of  aluminum  alloys  (see  Figure  A.l).  Its  surface  is  coated  with  a 
spray-on  foam  insulation  (SOFI)  that  helps  maintain  the  temperatures  of  the  pro¬ 
pellants  before  and  during  launch  (31:3.1).  The  intertank  contaiins  instrumentation, 
range  safety  components,  and  a  solid  rocket  booster  beam  assembly,  which  distributes 
thrust  loads  from  the  solid  rocket  boosters.  Due  to  the  complexity  of  the  LO2  and 
intertank  structures,  only  the  LH^  tank  is  used  for  salvage  operations. 

A. 2  ASSET  Construction 

A  dedicated  space  shuttle  mission  is  required  to  set  up  ASSET.  Table  A.l  lists 
the  cargo  required  for  the  mission.  The  external  tank  must  be  carried  into  orbit.  In 
orbit,  the  remaining  fuel  is  dumped  and  the  range  safety  system  is  safed.  Then,  long 
duration  EVAs  install  the  boost/deboost  modules,  photovoltaic  arrays,  avionics,  and 
reduction  equipment.  After  the  set  up,  external  tank  salvage  operations  begin. 

A. 3  Reduction  Equipment 

The  following  are  descriptions  of  the  reduction  equipment  not  thoroughly  de¬ 
veloped  in  Chapter  IV  but  applicable  to  the  SFP.  Figure  A. 2  provides  an  overview 
illustration. 

A. 3.1  Centerline  Track.  A  pre-installed  centerline  track  allows  longi¬ 
tudinal  motion  of  the  centerline  trolley  and  primary  cutter  power  truck  (31:5.13). 
The  track  is  made  of  15.2x15.2x0.317  cm  thick  square  2219  aluminum  tubing  and 
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Figure  A.l  The  external  tank  is  composed  of  the  LO2  tank,  the  intertank,  and  the 
LH2  tank. 


Item 

Mass  kg 

Solar  Photovoltaic  Arrays 

1000 

Thermal  Control  System 

1720 

Electrical  Power  Subsystem 

3247 

lEA  Structure 

1228 

Subtotcil  Power 

7195 

Boost/Deboost  Modules 

1432 

First  Year  Hypergolics 

5455 

Second  Year  Hypergolics 

5455 

Subtotal  Orbital  Maintenance 

12342 

Robot  Arm  Truck 

124 

Primary  Cutter 

91 

Spare  Cutter 

91 

Centerline  Track 

125 

External  Tank  Modifications 

261 

SO  FI  Workstation 

526 

Subtotal  Reduction  Tools 

1218 

Communications,  Cameras,  Lights,  Avionics 

350 

Total  First  Flight  Cargo  Mass 

21105 

Table  A.l  The  space  shuttle  cargo  manifest  required  for  producing  an  AS¬ 
SET  (31:H.9). 
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Figure  A.2  Side  view  of  the  reduction  equipment  inside  an  ASSET  for  salvage 
operations. 

extends  from  the  forward  most  major  ring  frame  to  the  aft  most  major  ring  frame 
in  the  center  of  the  LH2  tank  (23.16  m  long). 

A.3.S  Centerline  Trolley.  The  centerline  trolley  consists  of  an  extendible 
arm  with  an  end  effector  that  can  be  rotated  about  the  centerline  track  (see  Fig¬ 
ure  A.3).  The  whole  trolley  moves  along  the  track  on  drive  wheels.  The  trolley 
allows  the  transport  of  material  and  the  primary  cutter  within  the  LH2  tank.  Power 
and  control  are  provided  through  cables  from  an  inertial  reel. 

A. 3. 3  Primary  Cutter.  The  primary  cutter  moves  an  electron  beam  cutter 
longitudinally  and  laterally  to  cut  out  composite  sections  of  I-beam,  flat  plate,  and 
SOFI  (see  Figure  A. 4(31:5. 20).  It  attaches  to  pairs  of  adjacent  I-beams  and  is  moved 
longitudinally  by  drive  wheels  positioned  below  the  I-beam  flanges.  The  electron 
beam  cutter  is  moved  laterally  by  a  shaft  to  permit  cross  cutting.  The  primary 
cutter  can  be  moved  by  the  centerline  trolley.  Power  is  provided  by  a  line  from  a 
power  truck  located  on  the  centerline  track  as  shown  in  Figure  A.2. 
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TROLLEY 


Figure  A-3  Cross-section  of  the  centerline  trolley.  The  centerline  trolley  carries  an 
extendible  Mm  with  an  end  effector. 


FRONT  VIEW  SIDE  VIEW 


Figure  A.4  The  primary  cutter  moves  along  the  LH2  tank  I-beams  cutting  out 
sections  of  the  tank  skin. 
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Figure  A. 5  ASSET  uses  boost /deboost  modules  developed  for  the  proposed  Ex¬ 
ternal  Tank  Gamma  Ray  Imaging  Telescope  for  attitude  and  altitude 
control. 

A. 4  External  ASSET  Equipment 

A. 4-1  Boost/Deboost  Module.  ASSET  attitude  and  altitude  control  is  pro¬ 
vided  by  2  boost/deboost  modules  attached  at  the  solid  rocket  booster  thrust  fittings 
of  the  intertank.  The  boost/deboost  modules  are  based  on  the  design  recommenda¬ 
tions  that  Martin  Marietta  developed  for  the  proposed  External  Tank  Gamma  Ray 
Imaging  Telescope  (see  Figure  A. 5).  Each  module  has  two  2224  N,  230  s  specific 
impulse  main  thrusters  and  six  222  N  attitude  thrusters,  all  fueled  with  hydrazine. 
With  ASSET  maintained  in  the  minimum  drag  attitude  (nose  of  the  external  tank 
in  the  velocity  vector  direction),  the  initial  supply  of  fuel  is  estimated  to  last  two 
years. 


A. 4-2  Power.  ASSET  electrical  power  is  provided  by  two  photovoltaic 
arrays  attached,  one  each,  to  the  boost/deboost  modules.  The  drag  area  for  the 
entire  power  system  is  424  in^.  The  arrays  produce  31.13  kW  of  power.  Forty-nine 
percent  of  the  power  is  used  for  charging  four  NiH^  batteries.  The  batteries  provide 
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power  during  the  eclipse  periods.  Eclipse  periods  occur  for  approximately  36  out 
of  every  91  minutes  (31:5.23).  The  remaining  15.88  kW  is  sent  to  the  electrical 
equipment  subsystem,  allowing  a  12  kW  load. 
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Appendix  B.  SFP  Produced  Truss  Properties 

B.  1  Introduction 

The  SFP  truss  maker  produces  square  trusses  of  varying  lengths  (see  Fig¬ 
ure  B.l).  The  SFP  truss  is  composed  of  three  separate  entities:  Longitudinal,  cross, 
and  diagonal  m.rmbers.  This  appendix  documents  the  material  and  physical  prop¬ 
erties  of  each  truss  member  and  the  physical  properties  of  the  SFP  produced  truss. 
These  properties  can  be  used  by  the  end  user  to  determine  how  and  when  the  SFP 
produced  truss  can  be  used  in  their  specific  application. 

B.2  Truss  Member  Material  Properties 

All  three  SFP  truss  member  types  are  composed  of  the  same  aluminum  alloy, 
A1  2219-T87.  The  material  properties  associated  with  this  material  are  shown  in 
Table  B.l. 

B.3  Longitudinal  and  Cross  Member  Physical  Properties 

The  longitudinal  truss  members  are  continuous  T-beams  with  cross  section  and 
dimensions  shown  in  Figure  B.2.  The  cross  members  are  1.035  m  long  T-beams  and 
are  attached  orthogonally  to  either  the  web  or  flange  of  the  longitudinal  member, 
depending  upon  which  side  of  the  truss  is  being  viewed.  The  cross  members  have  the 


Young’s  Modulus  (E) 

7.308  X  10'"  Pa 

Shear  Modulus  (G) 

2.758  X  10^°  Pa 

Yield  Stress  (<Ty) 

Ultimate  Stress  (<Tu) 

4.826  X  10*  Pa 

Coefficient  of  Thermal  Expansion 

23  X  10-®/°C 

Mass  Density  (p) 

Poisson’s  Ratio  («/) 

0.33 

Table  B.l  Material  properties  of  the  aluminum  alloy,  A1  2219-T87. 
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Figure  B.l  This  view  shows  three  bays  of  SFP  produced  truss.  The  truss  is  com¬ 
posed  of  longitudinal,  cross,  and  diagonaJ  members. 
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Figure  B.2  T-beam  cross  section  for  the  SFP  produced  truss  longitudinal  and  cross 
member. 

same  cross  section  as  the  longitudinal  members  (see  Figure  B.2),  Section  properties 
for  the  cross  and  longitudinal  members  are  shown  in  Table  B.2. 


B.4  Diagonal  Member  Physical  Properties 

The  diagonal  truss  members  are  4.655  m  flat  strips  with  cross  section  and  di¬ 
mensions  shown  in  Figure  B.3.  The  diagonal  members  are  also  attached  to  either  the 


Length  (Longitudinal  Member) 

Variable 

Length  (Cross  Member) 

1.035  m 

Flange  Length 

3.175  cm 

Flange  Width 

0.318  cm 

Web  Length 

1.111  cm 

Web  Width 

0.254  cm 

Area 

Torsional  Constant  {K) 

Table  B.2  SFP  produced  truss  longitudinal  and  cross  member  section  properties. 
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Figure  B.3  Cross  sectional  view  of  the  box  beams  used  to  model  the  main  integrated 
truss. 


Length 

4.655  m 

Width 

4.582  cm 

Thickness 

0.3175  cm 

Area 

1.455  cm* 

Torsional  Constant  {K) 

0.047  Nlcm^ 

Table  B.3  SFP  produced  truss  diagonal  member  section  properties. 

web  or  flange  of  the  longitudinal  truss  member.  Section  properties  for  the  diagonal 
member  are  shown  in  Table  B.3. 

B.5  Truss  Mass  Per  Unit  Length 

The  mass  of  the  truss  is  the  sum  of  the  masses  for  all  the  longitudinal,  cross, 
and  diagonal  members  which  make  up  the  truss.  By  dividing  the  sum  of  the  member 
masses  by  the  total  length  of  the  truss,  the  mass  per  unit  length  of  the  truss  section 
can  be  determined. 
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LENGTH  OF  DIAGONAL  TRUSS  MEMBER 


1  e  -  LENGTH  OF  CROSS  TRUSS  MEMBER 

L  -  TOTAL  LENGTH  OF  TRUSS 
a  -  LENGTH  OF  ONE  TRUSS  BAY 


Figure  B.4  Side  view  of  SFP  produced  truss  defining  dimensions  used  to  calculate 
the  mass  per  unit  length  of  the  truss. 

The  masses  of  the  truss  members  are: 

Ml  =  ipAiL  (B.l) 

Me  =  4(-  +  l)Mc/c  (B.2) 

a 

Mi  =  ^{-)pAdli  (B.3) 

a 

Where  Mi,  Me,  and  Mi  are  the  masses  for  the  longitudinal,  cross,  and  diagonal  mem¬ 
bers,  respectively.  Figure  B.4  defines  the  remainder  of  the  terms  in  Equations  B.l, 
B.2,  and  B.3.  The  total  mass  of  the  truss  is  then: 

Mtot  =  Mi  +  Me  +  Mi  (B.4) 


Therefore,  the  mass  per  unit  length  of  any  truss  section  can  be  found  by  dividing 
Mrot  by  the  total  truss  length,  L. 


1.035  m 


Figure  B.5  The  intersection  of  the  X  and  Y  axes  locates  the  geometric  center  of 
the  SFP  produced  truss.  Ix  and  ly  were  determined  for  these  axes. 

B.6  Truss  Properties 

The  product  EA  is  known  as  the  axial  stiffness.  Where  E  is  Young’s  Modulus 
and  A  is  four  times  the  cross  sectional  area  of  one  longitudinal  member.  The  axial 
stiffness  for  the  SFP  produced  truss  is  then: 

EA  =  ^EAi  =  4(7.308  x  10^®)(0.0001291)  =  3.774  x  10^  N  (B.5) 

The  product  El  is  known  as  the  bending  stiffness  Where  I  is  either  the  moment  of 
inertia  about  the  X  or  Y  axes  which  run  through  the  geometric  center  of  the  cross 
section  (see  Figure  B.5).  The  moment  of  inertia  about  Xg  was  determined  to  be 
1.34  X  10"“*  m*  and  the  moment  about  Yq  was  determined  to  be  1.25  x  10~^  m*. 
Because  ly  is  smaller  than  Ix,  the  more  conservative  value,  ly,  is  used  to  determine 
the  bending  stiffness  for  the  truss. 

F;/  =  (7.308  X  10^")(1.25  x  10"“)  -  9.135  x  10*^  iV  •  (B.6) 
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Figure  B.6  Finite  element  model  for  determining  the  torsional  stiffness  of  the  SFP 
produced  truss. 

The  product  KG  is  known  as  the  torsional  stiffness.  Where  G  is  the  shear  modulus 
and  K  is  Sk  torsion^d  constant.  A"  is  a  factor  dependent  upon  the  form  and  dimensions 
of  the  cross  section.  For  a  circular  section,  K  is  the  polar  moment  of  inertia  J.  For 
non-circular  sections,  K  is  less  than  J  and  may  only  be  a  small  fraction  of  J  (12:4.31). 
A  simple  expression  for  K  does  not  exist  for  the  SFP  produced  truss.  However,  the 
torsional  stiffness  of  a  bar  can  be  expressed  by  the  general  expression: 

TJ 

KG=—  (B.7) 

where  T  is  a  torque  applied  to  the  end  of  the  truss,  L  is  the  length  of  the  truss,  and  9 
is  the  resulting  rotation  due  the  applied  torque,  T  (12:4.32).  The  torsional  stiffness 
of  the  SFP  produced  truss  was  determined  using  Equation  B.7  in  conjunction  with 
a  small  finite  element  model.  The  general  geometry  of  the  finite  element  model  is 
shown  in  Figure  B.6.  The  finite  element  model  was  one  bay  long,  L  =  4.529  m  and 
was  subjected  to  an  arbitrary  torque  as  shown  in  Figure  B.7.  The  resulting  rotation, 
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T  =  4140  N-m 
©  =  0.017  rad 


Figure  B.7  Finite  element  model  for  determining  the  torsional  stiffness  for  the  SFP 
produced  truss. 


A 

5.820  cm^ 

Ix 

1.34  X  10"* 

Iy 

1.25  X  10"* 

AE 

1  3.774  X  10^  N 

El 

9.135  X  10*iV-m' 

KG 

1.103  X  10®  iV  •  m' 

Table  B.4  SFP  produced  truss  stiffness  properties. 

9  was  found  to  be 

9  =  0.017  rad  (B.8) 

Plugging  the  value  found  for  9  into  Equation  B.7  results  in  a  torsional  stiffness  of: 


The  SFP  produced  truss  stiffness  properties  are  summarized  in  Table  B.4. 


(B.9) 


Appendix  C.  Reference  Frames 


To  develop  and  use  the  various  equations  of  motion,  five  coordinate  systems 
2ure  needed.  For  satellites  orbiting  the  Earth,  a  suitable  inertial  reference  frame  is 
the  geocentric-equatorial  coordinate  system.  Another  inertial  reference  frame,  the 
Earth-centered  inertial  coordinate  system  is  also  used.  The  use  of  the  dipole  model 
for  the  Earth’s  magnetic  field  requires  the  use  of  the  Greenwich-equatorial  reference 
frame.  An  orbital  reference  frame  and  body-centered  reference  fr<ime  are  required  to 
describe  position  and  orientation. 

C.l  Geocentric- Equatorial  Coordinate  System 

The  origin  of  the  geocentric-equatorial  coordinate  system,  the  i-frame,  is  co¬ 
incident  with  the  Earth’s  geographic  center.  The  fundamental  plane  —  the  plane 
described  by  the  X  and  Y  directions  —  is  defined  by  the  equator  with  the  positive 
A'-axis  pointing  in  the  direction  of  the  vernal  equinox  (the  point  in  the  sky  where 
the  sun  crosses  the  equator  from  south  to  north  on  the  first  day  of  spring).  The  pos¬ 
itive  Z-axis  points  in  the  direction  of  the  geographic  north  pole  (coincident  with  the 
Earth’s  spin  axis).  The  positive  K-axis  points  in  the  direction  to  complete  the  right- 
handed,  orthogonal  coordinate  system  (see  Figure  C.l).  It  should  be  noted  that  this 
reference  fr£ime  is  not  fixed  with  respect  to  the  Earth  and  does  not  rotate  with  it. 
The  unit  vectors  e'l,  ij,  and  is,  lie  along  the  X,  Y,  and  Z  axes  respectively  (3:55-56). 

C.2  Earth-Centered  Inertial  Coordinate  System 

The  Earth-centered  inertial  coordinate  system,  the  e-frame,  is  similar  to  the 
geocentric-equatorial  coordinate  system.  The  origin  of  the  Earth-centered  inertial 
coordinate  system  is  the  Earth’s  geographic  center.  The  positive  Ae-axis  points  in 
the  direction  of  the  line  of  nodes  of  the  orbit  of  interest  (defined  on  page  C-7),  at 
a  specific  reference  time  to.  Note  that  the  line  of  nodes  changes  over  time,  so  the 
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Figure  C.l  Geocentric  Equatorial  Frame:  the  X-axis  points  toward  the  vernal 
equinox,  the  Z-axis  is  coincident  with  the  Earth’s  spin  axis,  and  the 
K-axis  completes  the  basis.  Earth  Centered  Inertial  Frame:  the  Xe-axis 
points  along  the  line  of  nodes  at  a  fixed  time,  the  Zg-axis  is  coincident 
with  the  Earth’s  spin  axis,  and  the  Ke-axis  completes  the  basis. 

reference  frame  is  fixed  at  <o-  The  positive  Ze-axis  points  in  the  direction  of  the 
geographic  north  pole  (coincident  with  the  Earth’s  spin  axis).  The  positive  V^-axis 
points  in  the  direction  to  complete  the  right-handed,  orthogonal  coordinate  system. 
The  unit  vectors  ei,  ej,  and  63  lie  along  the  Xg,  Ye,  and  Zg  axes  respectively  (see 
Figure  C.l). 

To  relate  the  Earth-centered  inertial  coordinate  system  to  the  geocentric-equa¬ 
torial  coordinate  system,  the  angle  between  ei  and  ii  must  be  known.  This  angle, 
is  the  right  ascension  of  the  ascending  node  at  a  fixed  time.  To  translate  a  vector 
from  the  e-frame  to  the  i-frame,  a  rotation  matrix,  i?'(0n),  can  be  defined.  For  this 
“negative  3-rotation,”  the  rotation  matrix  is  given  by  Hughes  (35:15)  as 

cOii  —sOo  0 

=  s0ii  cOu  0  (C.l) 

0  0  1 
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where 


c  =  cos 

s  =  sin 

To  translate  a  vector  from  the  f-frame  to  the  e-frame,  a  reverse-rotation  matrix, 
^*(^0)5  ‘••Iso  be  defined.  The  reverse-rotation  matrix  is  the  transpose  of  /2**(dn) 
and  is  given  by 

cdii  sOq  0 

=  -36a  cdu  0  (C.2) 

0  0  1 

C.S  Greenwich-Equatorial  Coordinate  System 

The  Greenwich-equatorial  coordinate  system,  the  5-frame,  is  the  same  as  the 
geocentric-equatorial  coordinate  system  except  for  a  rotation  about  the  .Z-axis.  The 
Greenwich-equatorial  coordinate  system  is  fixed  to  the  Earth  and  rotates  with  it. 
The  fundamental  plane  is  defined  by  the  equator  with  the  r^-aocis  pointing  in  the 
direction  of  the  Greenwich  prime  meridian  (0°E  longitude).  The  positive  ^^-cixis 
points  in  the  direction  of  the  geographic  north  pole.  The  ^^-axis  points  in  the 
direction  90”  E  longitude  to  complete  the  right-handed,  orthogonal  coordinate  system 
(see  Figure  C.2).  The  unit  vectors  gr,  g$,  and  53,  lie  along  the  rg,  $g,  and  Zg  axes 
respectively. 

To  relate  the  Greenwich-equatorial  coordinate  system  to  the  geocentric-equa¬ 
torial  coordinate  system,  the  angle  between  gr  and  zi  must  be  known.  This  angle, 
0g,  is  called  the  Greenwich  sidereal  time.  If  0^^  is  known  for  some  particular  time 
to,  Qg  at  any  other  time,  t,  can  be  determined  from 

+  u;0  (t  —  to)  (C.3) 
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Figure  C.2  Greenwich  Equatorial  Frame:  the  r^-axis  points  toward  the  Greenwich 
prime  meridian,  the  z^-axis  is  coincident  with  the  Z-axis,  and  the  6g- 
axis  completes  the  basis. 


where  w®  is  the  angular  velocity  of  the  Earth: 


w®  =  7.2921  X  10 


-5 


rad 


Values  of  at  0:00  hours,  Universal  Time,  for  each  day  of  the  year  can  be  obtained 
from  the  American  Ephemeris  and  Nautical  Almanac  (21).  To  translate  a  vector 
from  the  ^-frame  to  the  i-frame,  a  rotation  matrix,  i?^(0g),  can  be  defined.  For  this 
“negative  3-rotation,”  the  rotation  matrix  is  given  by  Hughes  (35:15)  as 


(0,) 


C05 

-SQg 

0 

SQg 

cQg 

0 

0 

0 

1 

(C.4) 


To  translate  a  vector  from  the  i-frame  to  the  ^-frame,  a  reverse-rotation  matrix, 
R^'{Qg),  can  also  be  defined.  The  reverse- rotation  matrix  is  the  transpose  of  jR’^(0^) 


and  is  given  by 

cQg  sQg  0 

(®a)  =  — <s©tf  cQg  0  (C.5) 

0  0  1 

C.4  Orbital  Coordinate  System 

The  orbital  coordinate  system,  the  d-frame,  is  one  of  the  primary  reference 
frames  for  the  work  that  follows.  The  origin  of  the  d-frame  is  coincident  with  the 
center  of  the  Earth.  The  frame  is  fixed  to  a  point  in  a  reference  orbit;  the  reference 
point,  and  therefore  the  orbital  frame,  rotates  at  orbital  rate.  This  differs  from  a 
perifocal  coordinate  system  in  that  the  orbital  frame  rotates  as  the  vehicle  moves 
through  the  orbit,  while  the  perifocal  frame  is  fixed  with  the  x-axis  (or  r-axis) 
pointing  in  the  direction  of  the  perigee.  The  fundamental  plane  of  the  d-frame  is 
defined  by  the  plane  of  the  orbit.  The  Ta-axis  points  along  the  line  connecting  the 
origins  of  the  i-frame  and  the  d-frame,  pointing  away  from  the  i-frame  origin  — 
this  is  the  /2-bar  direction.  The  ^a-axis  points  along  the  tangent  to  the  orbit  path 
(for  a  reference  point  in  a  circular  orbit),  in  the  direction  of  motion  —  this  is  the 
K-bar  direction.  The  positive  ^a-axis  is  normal  to  the  fundamental  plane,  pointing 
to  complete  the  right-handed,  orthogonal  coordinate  system  —  this  is  the  Z-bar 
direction  (see  Figure  C.3  and  C.4).  The  unit  vectors,  dr,  d^,  and  da  lie  along  the 
Ta,  Oa,  and  Za  axes  respectively. 

Before  developing  the  transformation  matrix  to  transform  from  the  i-frame  to 
the  d-frame,  the  orbit  must  be  considered  further.  Six  orbit  elements  make  up  the 
classic  set  used  to  pinpoint  the  position  of  a  satellite  along  the  orbit  at  a  particular 
time.  The  six  elements  are  given  by  Wiesel  (93:57)  as 

1.  a,  the  semi-major  axis  —  a  constant  defining  the  size  of  an  elliptic  orbit. 

It  is  defined  as  one-half  the  distance  from  one  focus,  to  a  point  on  the 

orbit  path,  to  the  other  focus. 
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Figure  C.3  The  orbital  reference  frame  with  the  origin  translated  for  clarity  to  a 
point  on  the  orbit  path. 
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Figure  C.4 


f?-bar  is  defined  along  the  radial  direction,  V"-bar  is  defined  along  the  or¬ 
bit  path  direction,  and  Z-bar  is  defined  along  the  out  of  plane  direction. 
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2.  e,  the  eccentricity  —  a  constant  defining  the  shape  of  the  conic  orbit.  If 
e  =  0,  the  orbit  is  circular  (which  is  a  degenerate  case  of  an  elliptical 
orbit  with  both  foci  at  the  center),  if  0  <  e  <  1,  the  orbit  is  elliptical,  if 
e  =  1,  the  orbit  is  parabolic,  and  if  e  >  1,  the  orbit  is  hyperbolic. 

3.  To,  the  time  of  perigee  passage  —  the  time  the  orbit  vehicle  passes  the 
point  closest  to  the  Earth’s  center,  thus  fixing  the  position  of  the  vehicle 
at  one  instant  in  time. 

4.  0,  the  right  ascension  of  the  ascending  node  —  the  angle  measured  from 
the  vernal  equinox  eastward  along  the  equator  to  the  point  where  the 
orbit’s  path  crosses  the  equatorial  plane  from  south  to  north  (the  line 
resulting  from  the  intersection  of  the  planes  being  the  line  of  nodes). 

0  <  f)  <  180°. 

5.  i,  the  orbital  inclination  —  the  angle  measured  from  the  equatorial  plane 
to  the  orbit  plane  at  the  ascending  node. 

6.  u;,  the  argument  of  perigee  —  the  angle  measured  from  the  line  of  nodes, 
along  the  orbit  path  in  the  direction  of  motion,  to  the  perigee  point. 

Once  the  position  of  the  vehicle  in  the  orbit  is  determined,  the  transformation  matrix 
going  from  the  i-frame  to  the  d-frame  can  be  determined.  The  transformation  is 
carried  out  by  first  rotating  through  fi,  about  the  Z-axis  —  this  aligns  the  X-axis 
with  the  line  of  nodes.  The  second  step  is  to  rotate  the  new  reference  frame  (the 
X'Y' Z'-hame)  through  i,  about  the  X'-axis  (the  axis  of  the  new  reference  frame 
aligned  with  the  line  of  nodes)  —  this  rotates  the  Z'-axis  to  form  the  2a-axis,  and 
brings  the  T'-axis  into  the  orbit’s  fundamental  plane.  The  last  step  is  to  rotate  the 
newest  reference  frame  (the  X"Y"za-irame)  through  i/,  the  true  anomaly  (which  is 
the  angle  measured  from  the  line  of  nodes,  along  the  orbit  path  in  the  direction  of 
motion,  to  the  vehicle’s  position),  about  the  Zo-axis  —  this  aligns  the  X"-axis  with 
the  Tg-axis.  If  the  transformation  was  to  the  perifocal  coordinate  system,  the  last 
rotation  would  actually  be  a  rotation  through  u>,  thus  pointing  the  r^-axis  toward 
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the  perigee.  However,  the  a-frame  is  actually  fixed  to  the  orbital  vehicle,  so  u  is 
time  variant.  To  find  the  true  anomaly,  i/,  the  eccentric  cinomaly,  E,  must  first  be 
determined.  The  value  of  E  is  obtained  for  any  time,  t,  from  the  form  of  Kepler’s 
equation 

E-es\nE  =  ^{t-To)  (C.fi) 

where  fi  =  G{mi  +  mj)  —  G  is  the  universal  gravitational  constant,  and  mi  and 
m2  are  the  masses  of  the  orbiting  bodies.  For  artificial  satellites  in  Earth’s  orbit, 
G{mi  +  m2)  «  GM®  and  (90:F-175,  F-178) 

yv  *  TTt^ 

G  =  6.6720  X  10“”  — n- 

kg^ 

M®  =  5.979  X  10^^  kg 

m3 

H  =  3.9892  x  10“*-^ 


and  e,  a,  and  To  are  from  <he  set  of  classic  orbit  elements.  Equation  C.6  is  transcen¬ 
dental  and  must  be  solved  numerically.  Once  E  is  known,  the  true  anomaly,  u,  can 
be  determined  from: 

1 

tan  -1/  = 

which  gives  v  without  quadrant  ambiguity  (93:54-65).  The  rotation  matrix  which 
transforms  from  the  z-fiame  to  the  a-frame  can  now  be  determined.  This  rotation  is 
a  classic  “3- 1-3- rotation”  and  is  given  by  (35:21): 


- - tan  -E 

1  -e  2 


(C.7) 


R 


a  I 


R^{v)  Rt  (i)R3in) 

Cl/  SI/  0  1  0 

—SI/  cu  0  0  ci 

0  0  1  0  —si 


0  cfl  sfi  0 

si  —sfl  cil  0 

ci  0  0  1 
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cUcv  —  aflcisu  silci/  +  cflcist/  sisv 
—cVlsv  —  sflcici/  —sQsi/  +  cVtdcv  sicv 


(C.8) 


sfiai  —cQsi  ci  j 

and 

«•“  =  Rs  i~(l)  Ri  i-i)  Rs  i-u)  =  R^'^  (C.9) 

C.5  Body-Centered  Coordinate  System 

The  body-centered  coordinate  system  (also  known  as  the  principal-body-axis 
frame),  the  fe-frame,  is  the  other  primary  reference  frame  used  in  this  design  study. 
The  fe-frame  is  attached  to  the  SFP,  with  the  origin  located  at  the  platform’s  center 
of  mass.  The  basis  is  aligned  so  that  the  moment  of  inertia  tensor  is  diagonal;  the 
unit  vectors  describing  the  reference  frame  lie  along  the  principal  body  axes  (93:104- 

A 

106).  The  orientation  of  the  6-frame  with  respect  to  the  a-frame  is  described  by  three 
angles:  yaw,  pitch,  0,  and  roll,  4>-  The  fundamental  orientation  (^  =  0  =  (6  =  0®) 

A 

of  the  6-frame  aligns  the  positive  arj-axis,  the  positive  j/j-axis,  and  the  positive  2:fc-axis 
with  the  positive  Ta-axis,  the  positive  ^a-axis,  and  the  positive  2ra-axis  respectively. 
The  unit  vectors,  6i,  62,  and  ^  lie  along  the  Xj,,  j/t,  and  Zf,  axes  respectively.  The 
transformation  from  the  a-frame  to  the  6-frame  is  commonly  described  by  first  yawing 
about  the  To-axis,  then  pitching  about  the  new  lateral  axis,  and  finally  rolling  about 
the  newest  longitudinal  axis  (93:112).  The  rotation  matrices  are  given  by  (35:20): 

=  fl..  (^)  fl,.  W  fl..  (^) 

C<pc0  C<f>S0C^  4-  S<l>Stl^  C<f>S0Sll^  —  S(j>cip 
—s0  c6c%l^  cOstp  (C.IO) 

s<f>c0  s(f>s0c^  —  c<j)srl}  s(f>s9sip  -f  c<l>cil> 
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Rx{-xl})R3{-6)R^{-<i>) 

RbaT 

c<f)c6  —sd  stf>c9 

c<f>s6ctl}  +  cOci!)  s<f>s$al}  —  c(j>sxj) 

c<j>s6s‘tp  —  s<f)ctp  c6sx{f  s<f>s9s‘4>  +  c(l>cil> 


Appendix  D.  Earth*3  Magnetic  Dipole  Model 

The  Eaxth’s  magnetic  field  can  be  descrbed  as: 


B  =  -syV 


(D.l) 


where  V  is  the  scalar  magnetic  potential.  V,  is  defined  as 


M  •  r 


(D.2) 


where  M  is  the  vector  magnetic  moment,  r  is  the  vector  distance  from  the  center  of 
the  dipole,  and  r  is  the  magnitude  of  r.  The  magnetic  moment  vector  points  toward 
the  austral  dipole  pole,  along  the  axis  of  the  simple  dipole.  Expressed  in  the  5-frame, 
the  magnetic  moment  vector  is  given  by 


'  A/  =  M  cos  $0  cos  Ao  5r  +  Af  co;.  $0  sin  Ao  55  +  M  sin  $0  93 


(D.3) 


where  M  is  the  magnitude  of  the  magnetic  dipole,  $0  is  the  latitude  and  Aq  is  the 
longitude  of  the  austral  pole  of  the  dipole  model: 


M  =  8.05  X  10^®  T  ■ 
$0  =  78.5°5 

Ao  =  iii.o°e; 
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Using  the  transformation  matrices  /?*®  (Equation  C.4)  and  if"  (Equation  C.8),  ®A/ 
expressed  in  the  a-frame  is 


“A/  = 

=  A/idr  +  Mads  +  Mads  (D-4) 

where,  after  simplification  using  various  trigonometric  identities  (6:135-140),  Mi, 
Ma,  and  M3  can  be  expressed  as 

Ml  =  M  {c^o  [cj/c(n  —  0g  —  Ao)  —  si/ds  (n  —  —  Ao)]  +  (D-S) 

=  Mmi 

Ma  =  M  {c$o  [— ■st'c  (n  —  0^  —  Ao)  —  ci/cis  (fi  —  0^  —  Ao)]  +  s^oct'st}  (D.6) 
=  Mm2 

Ms  =  M  ~  ©3  ~  Ao)  +  5$oci}  (D.7) 

=  Mm3 

where 

c  =  cos 
s  =  sin 

and  from  Appendix  C 

u  =  true  anomoly  along  orbit  path 
fl  =  right  ascension  of  the  ascending  node 
Qg  =  Greenwich  sidereal  time 
i  =  orbit  plane  inclination 
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The  vector,  r,  describes  the  position  of  the  reference  point,  relative  to  the  center 
of  the  dipole,  in  the  d-frame.  For  the  simple  dipole  model,  f ,  is  given  by  (93:63) 


(r®  +  ralt)  Or 

roar 


a(l-e)  . 

1  I 

1  +  e  cos  u 


(D.8) 


where  is  the  radius  of  the  Earth  (90:F-175): 

r®  =  6.3713  X  10®  m 


a  is  the  semi-major  axis  of  an  elliptic  orbit,  e  is  the  eccentricity  of  a  conic  orbit,  and 
Tali  is  the  reference  point’s  altitude.  This  equation  shows  that  the  radius  vector,  in 
the  d-frame,  is  time-variant  (due  to  the  time  dependency  of  i/).  The  scalar  magnetic 
potential  is  obtained  from  Equation  D.2  giving 


M  •  r  Mir\  -1-  M2r2  -t-  M^rz 

^3  y*3 


(D.9) 


where 

The  vector  magnetic  potential  is  then  obtained  from  Equation  D.l 


B 

B 


dv .  dv  ^  dv  ^ 

ar\  OTz  orz 

_  M  _  3  (Ml  ri  -I-  M2  r2  -I-  M3  rz)  n 

^3  ^5 

_  ^  _  3  (Ml  ri  -I-  M2  r2  4-  M3  rz)  rz 

y»3  y»5 

Mz  3  {Ml  Ti  -1-  M2  rz  Mz  rz)  rz 

^3  y»5 


(D.IO) 


At  this  point,  it  is  useful  to  make  some  simplifications.  Assuming  the  magnetic  field 
is  constant  in  the  neighborhood  of  the  reference  point,  the  magnetic  moment  vector. 
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A/,  and  radius  vector,  r,  can  be  simplified  as  follows: 

Ml  =  Mmi  n  =  (r®  +  r^it)  =  Vo 

M2  =  Mm2  rj  =  0 

Ms  =  Mm3  Ta  =  0 

Applying  these  simplifications  to  Equation  D.IO  gives 

—  M 

=  —r  [2mi  dr  -  maOs  -  mafia]  (D.ll) 

remembering  that: 

mi  =  C$0  [ct'C  (ft  —  0^  —  Ao)  —  st/cis  (ft  —  0j  —  Ao)]  + 

m2  =  C$0  [sue  (ft  —  0j  —  Ao)  —  cuds  (ft  —  0^  —  Ao)]  +  s^ocusi 

ms  =  c$osis  (ft  —  0j  —  Ao)  +  s$oc* 

F  - 

°  1  +  e  cos  1/ 

All  three  elements  of  B  are  nonlinear  and  time- variant.  The  field  expressed  in  the 
orbital  reference  frame  varies  proportionately  to  the  Earth’s  rotation  rate;  this  is 
seen  by  the  presence  of  0^  in  mi,  m2,  and  m3  in  Equations  D,5  -  D.7.  changes  occur 
at  orbit  rate  as  well.  The  presence  of  u  in  the  mi  and  m2  terms  indicates  these  terms 
vary  at  orbit  velocity.  Finally,  there  is  a  constant  term  in  m3,  which  accounts  for 
the  average  north/south  orientation  of  B. 
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Appendix  E.  Analysis  of  SEP  Rigid  Body  Assumption 

E.  1  Introduction 

The  SFP  integrated  trusses  are  subjected  to  a  variety  of  loads  due  to  the  SFP’s 
shielded  coil  electrodynamic  propulsion  system,  the  augmentation  thrusters,  and  the 
rotation  of  the  solar  power  system.  The  magnitudes  of  the  loads  generated  by  these 
systems  axe  small  and  are  not  considered  a  threat  to  the  structural  integrity  of  the 
integrated  trusses.  However,  the  equations  of  motion  listed  in  Section  6.2.4  are 
based  upon  the  assumption  that  the  SFP  is  a  rigid  body.  Therefore,  an  analysis  of 
the  integrated  truss  subjected  to  the  maximum  loads  is  required  to  demonstrate  the 
validity  of  the  rigid  body  assumption  used  to  formulate  these  equations  of  motion. 

E.2  Description  of  Integrated  Truss  Loads 

The  maximum  loads  applied  to  the  SFP  are  generated  during  /?-bar  stand¬ 
off  and  were  determined  by  the  time  history  program  listed  in  Section  G.l.  The 
maximum  distributed  forces  due  to  this  standoff  maneuver  are  applied  to  the  main 
■  itegrated  truss  and  are  attributed  to  the  SFP’s  shielded  coil  electrodynamic  propul¬ 
sion  system.  The  maximum  moments  possible  during  this  same  maneuver  are  also 
applied  to  the  main  integrated  truss  and  are  attributed  to  moveable  augmentation 
thrusters.  The  moveable  augmentation  thrusters  produce  a  maximum  thrust  of  50  N. 
The  thrusters  are  attached  to  both  ends  of  the  main  integrated  truss.  These  thrusters 
always  fire  in  the  same  direction  and  always  perpendicular  to  the  main  integrated 
truss.  The  farthest  distance  the  augmentation  thrusters  will  ever  be  from  the  cen¬ 
ter  of  the  main  integrated  truss  is  1.65  m.  This  generates  a  maximum  moment  of 
82.50  N  •  m  about  an  axis  running  lengthwise  through  the  center  of  the  truss. 

The  moments  generated  by  the  rotation  of  the  solar  power  system  were  deter¬ 
mined  in  Appendix  P.  These  moments  are  applied  to  the  ends  of  the  cross  integrated 
truss.  However,  the  magnitude  of  these  moments  are  minute  compared  to  the  mo- 
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Figure  E.l  Cross  sectional  view  of  the  box  beams  used  to  model  the  main  integrated 
truss. 

ments  generated  by  the  moveable  augmentation  thrusters.  Also,  the  distributed 
forces  applied  to  the  cross  and  orthogonal  integrated  trusses  due  to  the  shielded  coil 
electrodynamic  propulsion  system  eire  at  least  an  order  of  magnitude  smaller  than 
that  applied  to  the  main  integrated  truss.  Therefore,  the  rigid  body  analysis  will 
focus  on  the  main  integrated  truss.  If  the  rigid  body  assumption  can  be  justified  for 
the  main  integrated  truss,  then  the  rigid  body  assumption  is  justified  for  the  cross 
and  orthogoncil  integrated  trusses  eis  well. 

E.3  Main  Integrated  Truss  Model 

The  main  integrated  truss  was  modeled  using  box  beams  for  all  the  truss 
members  (see  Figure  E.l).  The  box  beams  were  connected  as  shown  in  Figure  E.2 
to  form  the  main  integrated  truss.  The  dimensions  of  the  box  beam  (shown  in 
Figure  E.l)  were  chosen  so  that  the  mass  per  unit  length  of  the  integrated  truss 
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Figure  E.2  The  main  integrated  truss 
form  a  2  m  by  2  m  octago 


was  equal  to  20  kgjm.  This  is  the  value  used  by  aJl  of  the  design  programs  listed  in 
Appendix  G.  The  aluminum  alloy,  Al-2219,  was  used  as  the  box  beam  material.  This 
is  the  same  material  NASA  planned  to  use  for  Space  Station  Freedom’s  integrated 
trusses  (70:9). 

The  main  integrated  truss  is  50  m  long.  Due  to  the  symmetry  of  the  loads 
applied  to  the  integrated  truss  and  the  symmetry  of  the  SFP  itself,  the  truss  is 
modeled  as  a  cantilevered,  26  m  long,  (due  to  the  2  m  truss  bay  length)  octagonal 
truss  section  (see  Figure  E.2). 

The  finite  element  model  is  made  up  of  112  nodes  and  incorporates  324  box 
beam  elements.  Each  element  has  6  degrees  of  freedom  generating  a  1944  degree  of 
freedom  finite  element  model. 

The  load  generated  by  the  shielded  coil  electrodynamic  propulsion  system  is 
modeled  as  two  orthogonal,  distributed  forces  applied  lengthwise  to  the  integrated 
truss  longitudinal  members.  The  50  N  eccentric  load  applied  to  the  end  of  the  truss 
is  modeled  as  four  12.5  N  individual  forces  and  four  individual  20.625  N-m  moments. 
These  four  forces  and  moments  are  applied  individually  to  the  two  top  and  bottom 
nodes  at  the  free  end  of  the  truss.  See  Figure  E.3  for  the  magnitudes  and  directions 
of  the  forces  and  moments  applied  to  the  truss  model. 

E.4  Analysis  Software 

A  static,  linear,  finite  element  analysis  was  performed  on  the  SFP  main  inte¬ 
grated  truss  described  in  Section  E.3.  The  analysis  was  accomplished  using  I-DEAS 
Finite  Element  Modeling  Software  produced  by  Structural  Dynamics  Research  Cor¬ 
poration.  This  software  is  a  computer  aided  engineering  tool  that  provides  the  ca¬ 
pability  to  build  a  complete  finite  element  model,  including  physical  and  material 
properties,  loads,  and  boundary  conditions. 
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Figure  E.3  End  view  of  the  maximum  loads  applied  to  the  main  integrated  truss. 
E.5  Analysis  Results 

The  results  of  the  finite  element  analysis  show  very  small  deflections  due  to  the 
maximum  loads  applied  to  the  main  integrated  truss.  The  following  output  shows 
the  raw  data  generated  by  the  program  for  this  maximum  load  scenario: 


xxxxxxxxxxxxxmxxtxxxmxxxxmxxmxmmxxmxxxxxxxuxmxxxnxmxxmxxmx 
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3.7038-07 
1.9318-07 
1.1178-07 
4.6048-07 
1.7388-07 
3.7608-07 
3.9938-07 
3.8408-07 
4 . 3698-07 
3.7688-07 
3.8638-07 
4.3698-07 

3.6888- 07 
4.3338-07 
4.3468-07 
3.9268-07 
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I  6438-06 
1.6498-06 
1  3948-06 
8.9978-07 
7.  <7738-07 
7  0398-07 
I . 3608-06 
1  6668-06 
1  9348-06 
1  9408-06 
I  7438-06 
t  1748-06 
9  6438-07 
9  6078-07 
I  6438-06 
3  0428-06 
3  3368-06 
3.3448-06 
3  1078-06 


1  1068-06 
1.4068-06 
7 . 3638-07 
-6.1378-07 
-1.1068-06 
-1.4048-06 
-9  1718-07 
6.6638-07 
1.3618-06 
1.6368-06 
6.1438-07 
-6.6608-07 
-1  3648-06 
-I  6368-06 
-6.9008-07 
6  1468-07 
1  3748-06 
1  64;n-06 
6  9718-07 


1.7768-07 
1.6448-07 
1.0618-07 
9.3468-06 
1.4908-07 
1.6678-07 
1 . 1748-07 
1.3348-07 
1  6318-07 
1.9148-07 
1.3968-07 
1  1138-07 
I  6448-07 
1  e3M-07 
1  3348-07 
1  3678-07 
I .9668-07 
1  9668-07 
1  4668-07 


-1.3398-06 
-1.3698-06 
-1.3138-06 
-1.3198-06 
-1.3178-06 
-1.3618-06 
-1.4718-06 
-1.3948-06 
-1.3798-06 
-1.4938-06 
-1.4438-06 
-1.3668-06 
-1.3668-06 
-1 .6<M8-06 
-1  6608-06 
-1.6178-06 
-1  6068-06 
-1 . 6968-06 
-1  6618-06 


4.9048-07 
3.6638-07 
3.9368-07 
4.6108-07 
3. 3798-07 
4.9768-07 
6.0168-07 
4.7078-07 
6.6618-07 
4.3368-07 
4.6968-07 
6.3638-07 

4.1668- 07 
6.6338-07 
6.7868-07 
6.3968-07 
6.17U-07 

6.1668- 07 
6.3678-07 
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100  2 
101  2 
102  2 

103  2 

104  2 

105  3 


.392B-05 
.418B-05 
.471B-06 
.S33B-06 
.836B-06 
.801B-06 
.734B-05 
.706B-0S 
.707B-06 
.738B-0S 
.798B-06 
.  180B-06 
.  181B-06 
. 144B-05 
.069E-05 
.038B-05 
.039B-06 
.073B-06 
. 140E-08 
. S40E-06 
.  S41E-0S 
.496E-05 
.414E-06 
.384E-0S 
.384E-0S 
.418E-0S 
.492B-06 
.911E-06 
.912E-0S 
.861E-0S 
.762E-05 
.740E-05 
.7416-06 
.7666-06 
.847E-06 
.  291E-05 


1. 4786-06 
1.2146-06 
1.2116-06 
1.8466-06 
2.4296-06 

2.7626-06 

2.7686- 06 
2.4836-06 

1.7926-06 
1.4846-06 
1.4806-06 
2 . 1646-06 
2.8106-06 
3.1736-06 
3 . 1786-06 
2.8736-06 
2.1006-06 
1.7596-06 

1 .7686- 06 
2.6186-06 
3 . 1676-06 
3.6976-06 
3.6026-06 
3.3016-06 
2.3766-06 
2.0376-06 
2.0336-06 
2.9526-06 
3.4216-06 
4.0226-06 
4.0286-06 
3.8086-06 
2.6646-06 
2.3156-06 
2.3116-06 
3.5166-06 


-6.1466-07 
-1.3776-06 
-1.6436-06 
-9.4916-07 
6.6396-07 
1.4766-06 
1.7286-06 
9.4616-07 
-6.8386-07 
-1.4796-06 
-1.7286-06 
-9.9616-07 
6.8666-07 

1.6666-06 
1.7896-06 
9.9316-07 
-6.8656-07 
-1.6696-06 
-1 .7896-06 
-1.0336-06 
7.1346-07 
1.6166-06 
1.8276-06 
1.0306-06 
-7 . 1346-07 
-1.6186-06 
-1.8266-06 
-1.0626-06 
7.3236-07 
1.6616-06 
1.8436-06 
1.0596-06 
-7.3266-07 
-1.6646-06 
-1.8426-06 
-1.0816-06 


1 . 2446-07 
1.6776-07 
1.6766-07 
1.4696-07 
1.4606-07 
1.8726-07 
2.0026-07 
1.6936-07 
1.3296-07 
1.6816-07 
1.7136-07 
1 .6306-07 
1.6126-07 
1.8386-07 
2.0696-07 

1.7626-07 
1.3486-07 
1.6636-07 
1 .7406-07 
1.9466-07 
1.2666-07 
1.8126-07 
1.9626-07 
2.0046-07 
1.6026-07 
1.4406-07 

1.9696- 07 
2.2306-07 

6.9696- 07 
1.3066-07 
4.7236-07 
2.9496-07 
■2.7226-07 
1.7116-07 
■3.6986-08 
6.4106-07 


1.4886-06 
1.4936-06 
1.6086-06 
1.6686-06 
1.6186-06 
1.6086-06 
■1.6766-06 
1.6396-06 
1.6896-06 
■1 . 6966-06 
-1.6896-06 
1.7376-06 
■1 .6986-06 
■1 .6846-06 
1.7346-06 
-1.7086-06 
1.6716-06 
1.6726-06 
■1 .7426-06 
1.7916-06 
1.7696-06 
-1.7326-06 
1.7396-06 

1.7626-06 
1.7236-06 
■1 .7126-06 

1.7926-06 
-1.8406-06 
1.7206-06 
-1.6966-06 
-2.1046-06 
-1.8136-06 
-1.8536-06 
-1.7666-06 
-1.4476-06 
-1.6736-06 


6.0166-07 
4.9796-07 
6.2486-07 

6.6666-07 
6.0826-07 
6.8106-07 
6.9676-07 
6.0346-07 
6.7776-07 

6.7926-07 
6.8846-07 
7.3266-07 
6.7946-07 
7.6366-07 
6.6876-07 
6.7296-07 
7 . 6266-07 
6.4196-07 
7.7186-07 
8.0766-07 
7.6976-07 
9.0636-07 
6.6076-07 
7.4966-07 
8.3016-07 
6.3586-07 
9.2616-07 
1.0496-06 
1.1176-06 
1.1006-06 
6.4646-07 
1.0066-06 
1 . 1846-06 
3.8666-07 
1.2706-06 
1.0126-05 
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■ode  Trone-X  Trane-Y  Tcane-Z  Rot-X  Rot-Y  Rot-Z 


3.2916-06 
3 . 2016-06 
3.1076-05 

3.1066- 06 

3 . 1066- 05 
3.1106-06 
3.1986-06 


3.6496-06 
4.4476-06 
4.4606-06 
4.4436-06 
2.6226-06 
2.6926-06 
2 . 5916-06 


7.3216-07 

1.6666-06 
1.8436-06 
1.0786-06 
-7.3266-07 
-1 .6706-06 
-1.8426-06 


4.8746-08 

1.6846-07 

1.9666-07 

-2.8846-08 

1.5866-07 

1.4426-07 

1.9486-07 


-1.8556-06 

-1.7446-06 

-1.6916-06 

-1.9146-06 

-1.7606-06 

-1.6726-06 

-1.8766-06 


1.1046-06 
-1 . 1426-07 
-1.6666-06 
1.0126-06 
1.1096-06 
-1.6946-06 
3.5636-08 


106  108  108  98  1  110 

HaziaoB  3.2916-06  4.4606-06  1.8436-06  6.9696-07  0.0006')-00  1.1096-06 

12  16  104  102  100  111 

Hlnina  -2 . 6366-07  -2 . 0636-07  -1 . 8426-06  -2 . 7226-07  -2 . 1046-06  -1 . 6946-06 


XTerage  1.2286-06  1.4706-06-6.8746-10  1.1876-07-1.1866-06  7.4786-07 

xxxxmxxxxttmxxxxxxxmxxxmxxxmxxxxmxximxxxxxxxxxxtXKxmxxxxxxxxtxx 
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A  summary  of  the  data  appears  at  the  end  of  the  raw  data  table  and  shows  the 
maximum  deflections  and  the  nodes  to  which  they  apply.  In  this  case,  the  maximum 
deflections  are  at  the  free  end  of  the  cantilevered  truss  as  expected.  The  raw  data 
becomes  more  pertinent  when  viewed  in  graphical  form  (see  Figure  E.4).  A  magni¬ 
fication  factor  has  been  applied  to  the  figures  deformed  geometry  case  in  order  to 
differentiate  between  the  deformed  and  undeformed  geometry.  The  actual  maximum 
deflection  generated  by  the  finite  element  analysis  is  approximately  0.000033  m. 

E.6  Results 

The  extremely  small  deflections  due  to  the  maximum  loads  applied  to  the  main 
integrated  truss  are  explainetl  by  the  large  mass  per  unit  length  of  the  truss  as  well 
&s  the  design  of  the  truss  itself. 

The  analysis  performed  on  the  truss  model  does  not  tadte  into  consideration  the 
dynamic  effects  of  the  structure  due  to  starting  and  stopping  of  the  SFP  propulsion 
system.  Even  if  sporadic  firing  of  the  augmentation  thrusters  and  variations  in 
the  thrust  applied  by  the  shielded  coil  electrodynamic  propulsion  system  produce 
vibrations  300  times  the  maximum  truss  tip  deflection,  this  is  still  less  than  a  1  cm 
variation  in  tip  deflection.  Therefore,  based  upon  the  extremely  small  maximum 
truss  tip  deflection  and  the  fact  that  even  large  multiples  of  this  deflection  are  small, 
the  SFP  can  be  considered  a  rigid  body  for  analysis  purposes. 
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Appendix  F.  Unforced  Equations  of  Motion  Derivation 

The  design  process  selected  for  this  study  uses  an  iterative  process  where, 
for  a  proposed  design  configuration,  a  linear  system  controller  is  developed.  The 
controller  is  then  used  during  a  simulation  where  current  and  power  requirements 
are  determined  for  SFP-required  R-bax  standoff  maJieuver.  To  be  able  to  use  this 
process,  the  SFP’s  relative  equations  of  motion  must  be  derived  for  the  proposed 
design.  Six  equations  of  motion  are  required  to  completely  describe  the  position  and 
orientation  of  the  vehicle.  Three  of  the  equations  describe  the  position  of  the  vehicle 
in  inertial  space  while  the  other  three  equations  describe  the  orientation  of  the  vehicle 
in  inertial  space.  Remembering  that  the  final  equations  of  motion  must  be  linear 
for  the  controller  design  synthesis,  anumber  of  assumptions  and  linearizations  are 
incorporated  into  the  equations  of  motion  derivation.  They  include: 

•  assume  the  SFP  is  a  rigid  body 

•  assume  the  true  anomoly  rate  of  change  is  constant 

•  neglect  other  than  first  order  terms  in  the  relative  position  and  velocity  com¬ 
ponents 

•  assume  the  atmosphere  is  fixed  to  the  earth  and  ran  be  described  by  an  expo¬ 
nential  model 

•  cissume  small  angle  approximations  for  yaw,  roll,  and  pitch 

The  development  of  the  relative  equations  of  motion  begins  with  the  development  of 
the  translational  equations  of  motion. 

F. 0.0.1  Translational  Equations  of  Motion.  Three  of  the  six  equa¬ 
tions  of  motion  ar..  translational  equations.  They  describe  the  movement  of  the 
SFP’s  center  of  mass  relative  to  the  inertial  reference  frame.  While  the  equations 
of  motion  must  be  derived  relative  to  the  inertial  frame,  it  is  convenient  to  express 
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EQUINOX 

Figure  F.l  The  orbital  reference  frame  with  the  origin  translated  for  clarity  to  a 
point  on  the  orbit  path. 

them  in  the  orbital  reference  frame  shown  in  FigureF.l.  The  three  translation  di¬ 
rections  are  the  hr,  he,  and  the  hz  directions.  Assuming  the  SFP  is  a  rigid  body 
(see  Appendix  E),  the  translational  equations  of  motion  are  derived  from  the  form 
of  Newton’s  second  law: 

F  =  Mtota  (F.l) 

where  F  is  the  sum  of  all  external  forces  acting  on  the  SFP,  Mtot  is  the  total  mauss  of 
the  SFP,  and  a  is  the  acceleration  of  the  SFP  with  respect  to  inertial  spau:e  (52:406- 
408).  In  deriving  the  expression  of  Equation  F.l  for  the  SFP,  the  vehicle’s  center  of 
mass  (i.e.  the  origin  of  the  ^frame)  will  actually  be  a  small  distance  away  from  the 
orbital  reference  point  in  the  d-frame.  For  the  scope  of  this  study,  the  reference  point 
is  assumed  to  be  in  a  circular  orbit.  This  allows  for  the  development  of  the  relative 
equations  of  motion  for  the  SFP  in  the  vaicinity  of  a  point  in  a  circular  reference 
orbit. 
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Following  the  development  of  the  Clohessy-Wiltshire  equations  outlined  by 
Wiesel  (93:78-80),  the  derivation  begins  with  the  SFP’s  position.  The  position  vector 
is 

“r  =  (fo  +  ^r)  d,  +  roSi/ag  -f  Szcis  (F.2) 

where  is  the  distance  from  the  center  of  the  Earth  to  the  reference  point  (which 
could  be  another  vehicle  with  which  the  SFP  is  rendezvousing),  and  Sr,  VoSv,  and  Sz 
describe  the  relative  position  of  the  SFP  to  the  reference  point.  The  relative  position 
components  are  assumed  to  be  small  relative  to  To  —  i.e.  Sr  ro,  roSu  •<  r,,,  and 
Sz  To.  To  formulate  Equation  F.l  properly,  the  differentiation  of  f  to  find  the 
acceleration  must  be  earned  out  with  respect  to  the  z-frame.  This  process  is  carried 
out  by  applying 

(F.3) 

where  is  the  angular  velocity  of  the  d-frame  with  respect  to  the  a-frame.  This 
relationship  holds  for  any  vector,  Z  (52:109).  Applying  Equation  F.3  to  Equation  F.2 

•d_ 

V  =  —r 

dt 

It''  ^  ^ 

=  (6r)dr  -I-  {roSv)dg  +  {Sz)a3  + 

(j>)  03  X  [(r,,  -I-  6r)  dr  -f  roSi/dg  -|-  Szdz] 

V  =  {Sr  —  droSv)  dr  +  {roSi/ vro  +  vSr)  de  +  (Sz)  ds  (F.4) 


where  d  is  the  time  rate  of  change  of  the  true  anomaly.  For  a  circular  orbit,  the  true 
anomaly  is  given  by 


(4  4  \ 


fT?  tL\ 


so  1/  is  simply  the  orbital  mean  motion 


1/  =  n  = 


=  constant 


(F.6) 


where 


H  =  3.9892  X  10^^  ^ 


Applying  Equation  F.3  a  second  time  to  find  the  acceleration: 


a  = 


-rv 

dt 

—V  +  aJ“‘  X  u 


a  = 


dt 

(6f  —  nroSi/)  a,  +  (roSP  +  nSr)  he  +  [Sz)  hs  + 

(n)  hs  X  [(<5r  -  nVoSt/)  hr  +  (roSu  +  nvo  +  nSr)  he  +  (Sz)  da] 

(^Sf  —  2nroSv  —  n^Cg  —  n^Sr^  hr  +  {toSv  +  2nSr  —  n^roSv^  he  + 

(Sz)h^  (F.7) 


This  is  the  inertial  acceleration  of  the  SFP,  expressed  in  the  d-frame.  Since  the  total 
mass  of  the  SFP  is  known,  the  only  part  of  Equation  F.l  to  determine  is  the  sum  of 
the  external  forces,  F. 

A  number  of  external  forces  can  act  on  an  orbital  vehicle.  Among  these  forces 
are  gravity,  aerodynamic  drag,  magnetic  field  effects,  non-spherical  Earth  effects, 
radiation  pressure,  meteoroidal  impacts,  and  non  environmental  forces,  such  as  mass 
expulsion;  however,  this  list  is  not  exhaustive.  For  the  purposes  of  this  study,  the  only 
external  forces  that  will  be  included  are  gravity,  aerodynamic  drag,  and  magnetic 
field  effects.  Gravity  and  aerodynamic  drag  are  retarding  forces  to  be  overcome, 
while  the  magnetic  field  effects  are  used  for  propulsion. 
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The  force  of  gravity  is  described  by  (93:24) 

-=  Gmim2_  GM^Mtot- 

^3=  r3  ’’ 

(F.8) 

where  r  is  the  position  vector  of  the  SFP  relative  to  the  Earth.  Substituting  Equa- 

tion  F.2  in  this  equation  gives 

-P  ,^4  [(ro  +  ^r)a^  +  (ro^t/)ae  +  (<!)^)a3] 

tg—  UM^Mtot  3 

[(ro  +  8rf  +  (roSi/f  +  {Sz)^^  * 

(F.9) 

Approximating  the  denominator  as  a  binomial  expansion  (6:295),  and  neglecting 

higher  order  terms  of  relative  position  elements  [|^r|^])  (since  Sr  <C  To) 

[(r,  +  ^r)'  +  (roH'  +  (^^)T' 

«  (ro  +  ^r)"^  “  ^  [(»’o'5»^)^  +  (Szf  +  O  [|^r|^| 

«  -  3r;^^r  +  O  [^r’j]  -  ^  [rj®  -  5r~^Sr  +  O  [tfr^]]  • 

[O  [Su^]  +  O  [Sz^]  +  O  [|^f|"]] 

«  r~^  —  ’ir~*Sr  +  O  [|^r(*j 
«  r~*  {to  -  ZSr) 

(F.IO) 

Substituting  this  expression  back  into  Equation  F.9  and  again  neglecting  O  [l^r|^| 

terms  gives  the  final  expression  for  the  force  due  to  gravity 

Fg  =  {r^  3^r)  [(r^  +  Sr)  +  (r^^i/)  ag  +  {Sz)  03] 

=  J.3  2^’")  “’•  +  “3] 

=  -Mtotri^  [(r<,  -  2^r)  d,  +  (r^dj/)  ag  +  {Sz)  03] 

(F.ll) 

An  expression  for  the  force  due  to  aerodynamic  drag  must  also  be  determined. 

Below  altitudes  of  1000  km,  aerodynamic  drag  due  to  the  atmosphere  can  be 

impor- 

F5 

tant  (16:213).  The  forces  involved  may  be  relatively  small,  but  will  have  a  significant 
impact  on  the  SFP  design  and  therefore  are  included  in  the  analysis.  The  force  due 
to  cierodynamic  drag  is  given  by; 


-p-  ^  1  MtotpVrY 

'^20" 


(F.12) 


where  p  is  the  atmospheric  density,  Vr  is  the  velocity  of  the  SF'P  relative  to  the 
atmosphere,  K-  is  the  magnitude  of  and  0  is  the  ballistic  coefficient  (94:65). 

The  gross  behavior  of  the  density  of  the  upper  atmosphere  is  well  established, 
but  the  properties  are  difficult  to  determine  and  are  highly  variable  (30:122).  How¬ 
ever,  a  reasonable  approximation  is  obtained  from  a  modified  exponential  model 
given  by: 

p  =  p*  (F.13) 

where  r*  is  the  reference  altitude,  h,  is  the  scale  height,  and  p*  is  the  atmospheric 
density  at  the  reference  altitude.  For  this  application  of  Equation  F.13,  the  ref¬ 
erence  altitude  was  chosen  as  r*  =  300  km.  Using  the  US  Standard  Atmosphere 
Table  (30:56),  and  applying  Equation  F.13  to  the  data  gives 

p*  =  1.916x10"" 

/»,  =  50043  km 


To  find  V'r,  the  atmosphere  is  assumed  to  be  fixed  to  the  rotating  Earth.  Vr 
is  then  given  by  (94:65): 

Vr  =  v  -  (uJe  X  r)  (F.14) 

where  e  is  the  inertial  velocity  of  the  SFP,  u;®  is  the  Earth’s  angular  velocity,  and 
f  is  the  position  of  the  SF’P.  To  be  consistent,  all  vectors  must  be  expressed  in  the 
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a-frame.  Applying  Equation  C.8  to  the  Earth’s  angular  velocity  gives: 


‘u^  —  /?*'  (^0*3) 

=  Lj^siauar  +  u^sict/ae  +  uj^cias 

=  u;i  Ur  +  + ‘*^3^3  (F-IS) 

Applying  this  result,  Equation  F.2,  and  Equation  F.4  to  Equation  F.14  gives  the 
relative  velocity  as: 

Vr  =  [{Sr  -  nroSi/)ar {roSi/ +  nro  +  n6r)a0  +  {6z)a3] - 
{uJiCir  +  +  ^3^3)  X  1(^0  +  ^r)  Or  +  roSi/ag  +  ^203] 

—  [Sr  —  SuroSu  —  (jJiSz]  a,  +  [Slo  (r^  +  Sr)  +  roSu  + 
ujySz]  ae  +  [uj-i  {ro  +  ^r)  -  (jJiroSv  +  Sz]  03 
=  Fiflr  +  Vjdg  +  V3a3 

where  Su)  =  n  —  u>3.  Substituting  Equation  F.16  into  Equation  F.12  gives: 

Fd  =  -5^  +  ^2  +  ^?]  *  |V'i»r  +  Via,  +  Vjaj  (F.17) 

Expanding  the  K-  terrr  —  neglecting  second  order  terms  of  the  relative  positions 
and  relative  velocities  (since  Fq  ^  Sr  and  t;  ^  Sr)  —  gives: 

=  0 

V2  =  Su^rl  +  2Su)  [SijjSr  +  rgSu  +  UiSz]  ro 
=  <*^2^0  +  2u;2  [u}2Sr  —  lOiroSi/  +  Sz]  ro 
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Assuming  ro6r,  r,,  (roSu),  and  ^  rgSz,  as  well  as  the  terms  associated 
with  the  relative  velocities,  the  magnitude  of  Vr  can  be  approximated  as: 

+  ^2^  +  ^3] "  «  +  ^2)  ^oj '  =  {Siv^  +  ujI)  "  (F.18) 

The  final  term  of  Equation  F.12,  the  ballistic  coefficient  is  defined  as: 

(F..9) 

where  Cq  is  the  drag  coefficient,  and  A  is  the  projected  area  normal  to  the  flight 
path.  Based  on  analysis  performed  on  other  vehicles  (57:33),  the  drag  coefficient 
of  the  SFP  is  estimated  to  be  Co  =  2.4.  The  projected  area  is  estimated  to  be 
A  —  1435  (see  Section  11.10. 

The  final  expression  for  Fj,  can  now  be  found.  Substituting  back  into  Equa¬ 
tion  F.12,  the  force  due  to  aerodynamic  drag  can  be  approximated  as: 

[(^r  —  6u}roSu  —  0)2^2)  Or  +  {ro  +  -f  VoSi^  +  uJiSz)  ag  + 

{u}2  {roSr)  -  uiVoSu  +  Sz)  03]  (F.20) 

Because  the  magnetic  field  effects  are  used  for  propulsion,  they  are  not  in¬ 
cluded  in  the  homogeneous  translational  equations  of  motion.  The  homogeneous 
translational  equations  of  motion  are  obtained  by  equating  the  inertial  acceleration, 
given  by  Equation  F.7,  with  the  acceleration  due  to  gravity  and  aerodynamic  drag. 
However,  careful  examination  of  the  Equation  F.20  shows  two  constant  drag  terms 
{Sujro  and  uj2ro)  which  act  as  forcing  functions,  and  thus,  the  equations  are  no  longer 
homogeneous.  The  acceleration  due  to  gravity  and  aerodynamic  drag  can  be  ob¬ 
tained  by  dividing  the  sum  of  Equation  F.ll  and  Equation  F.20  by  the  SFP’s  total 
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mass.  The  relative  translation  equations  of  motion  are  then  given  by: 

Or'.  6r  —  K8r  —  2nro6i/ —  3n^Sr  +  KSujroSi/ +  Kuj2Sz  =  0  (F-21) 
ag  :  ToSv  +  2n8r  Kro8i>  —  K8u>8r  —  Ku)i8z  —  K8u}ro  =  0  (F.22) 
03:  8z  —  K8z  —  KLJ28r  +  Ku>iro8v  +  n^8z  —  Ku}2ro  =  0  (F.23) 


where 


K  =  - 


CpAp* 

2Mi 


tot 


,-(ro-r*)/h 


*j  Jro  + 


With  the  exception  of  the  terms  due  to  aerodynamic  drag,  these  equations  are  similar 
to  those  derived  by  Wiesel  (93:80).  It  is  helpful  to  consider  the  solutions  to  these 
equations,  excluding  the  drag  terms. 


Wiesel  derives  the  solutions  to  Equations  F.21  -  F.23  (93:80),  minus  the  drag 
terms,  as 


8r  (t) 

81/ {t) 

8z  (t) 


—  (0)  +  38r  (0)^  cos  nt  -f- 


8r  (0) 
n 


sin  nt  +  46r  (0)  + 


-ro^J/(0) 

n 

81/  (0) 

68r  (0) 


-  ^38p 
^  sin  r. 


380  (0)  + 


6n8r (0) 


t  + 


^80 1 


(0) 


+ 


28r  (0)  28r  (0) 

t  + - —  cos  nt - — 


nro 


nvo 


c  .  8i{0)  . 

dz(0)cos  nt  +  - sin  nt 


n 


(F.24) 

(F.25) 

(F.26) 


These  equations  form  the  complete  Clohessy- Wiltshire  solution.  Wiesel  notes  some 
phenomena  of  the  solution.  The  radial  motion,  <5r(t),  oscillates  at  orbit  rate  and 
describes  a  slight  eccentricity  in  the  SFP’s  orbit  relative  to  the  circular  orbit  of  the 
reference  point.  This  effect  is  always  present  unless  the  in-plane  radial  position  of 
the  SFP  is  at  the  reference  radius,  and  the  relative  velocity  between  the  SFP  and 
the  reference  point  is  zero.  The  angular  motion,  81/ {t),  is  also  oscillatory  if  any 
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eccentricity  is  present.  The  motion  also  includes  a  term  linear  in  t.  If  the  SFP  is  at 
a  different  altitude  or  moving  in  the  angular  direction  relative  to  the  reference  point, 
it  will  drift  in  the  track  direction.  If  none  of  these  perturbations  are  present  and  the 
SFP  is  some  distance  along  the  track  from  the  reference  point,  it  will  remain  at  that 
point.  The  out-of  plane  motion,  6z  (t),  is  com;  .etely  oscillatory,  and  oscillates  at 
orbit  rate.  It  is  a  result  of  the  SFP  being  at  a  slightly  different  inclination  from  the 
reference  point  when  the  initial  out-of- plane  position  and/or  velocity  are  not  zero. 
These  phenomena  do  not  take  aerodynamic  drag  into  account.  The  aerodynamic 
drag  terms  can  be  expected  to  dampen  the  motions  described  above.  The  magnitude 
of  the  aerodynamic  drag  force  is  negligible  compared  to  the  force  due  to  gravity,  and 
is  therefore  not  expected  to  significantly  affect  the  gross  motion  of  the  SFP  in  the 
short  term.  However,  relative  to  the  forces  produced  by  the  propulsion  system, 
aerodynamic  drag  is  significant,  and  cannot  be  neglected. 

F.0.0.2  Rotational  Equations  of  Motion.  The  remaining  three  equa¬ 
tions  of  motion  are  the  rotational  equations.  They  describe  the  rotation  of  the  body 
about  the  center  of  m«iss.  The  rotational  equations  of  motion  can  be  found  by 
equating  the  sum  of  the  applied  torques,  M,  to  the  rate  of  change  of  the  angular 
momentum,  H  (93:109).  Thus,  with  respect  to  the  inertial  frame. 


M  =  H  (F.27) 

Assuming  the  SFP  is  a  rigid  body  (this  assumption  is  analyzed  in  Appendix  E),  the 
angular  momentum  is  defined  by 


(F.28) 

and  can  be  used  if  the  reference  frame  is  attached  to  the  body,  thus  making  the  mass 
moment  of  inertia  tensor,  /,  a  constant.  However,  the  time  derivative  required  in 


H  =  iuj 
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Equation  F.27  must  be  taken  with  respect  to  the  inertial  frame.  This  requires  the 
application  of  Equation  F.3.  Equation  F.27  can  then  be  expressed  as 


‘A/  =  + 


v* 


U 


(F.29) 


...  A  A  A 

where  ®ur‘  =  Wafti  +<jiJi,b2  +  u}cb3  is  the  angular  velocity  of  the  body  frame  with  respect 
to  the  inertial  frame.  Aligning  the  6-frame  with  the  SFP’s  principal  axes  results  in 
a  diagonal  moment  of  inertia  matrix 


i 


A  ''  0 

0  B  0 

0  0  C 


Solving  Equation  F.29  for  the  individual  elements  gives  the  standard  Euler’s  equa¬ 
tions  (35:95) 


b\  ACja  "F  (C*  —  ^ M\ 

62  •  BCjb  +  (A  —  C)u>ai^c  — 

63  :  Cu)c  -j-  {B  — 


(F.30) 

(F.31) 

(F.32) 


These  are  coupled,  nonlinear,  first  order  differential  equations. 

Equations  F.30  -  F.32  can  be  used  to  derive  the  last  three  equations  of  motion 
in  terms  of  the  yaw,  pitch,  and  roll  of  the  ^frame.  Thus,  the  angular  velocity  of 
the  ^frame,  with  respect  to  the  i-frame,  must  be  defined  in  terms  of  V’j  and  (f). 
Since  angular  velocities  add,  the  angular  velocity  of  the  6-frame  with  respect  to  the 
i-frame  is  given  by 


u; 


6t 


+  063  -|-  <^62^  + 


(F.33) 
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Figure  F.2  Rx)tation  of  the  coordinate  axes  using  the  Euler  angles  for  pitch,  6,  roll, 
<t>,  and  yaw,  0. 

However,  must  be  expressed  in  the  6-frame  to  be  used  in  Equations  F.30  -  F.32. 
Examination  of  Figure  F.2  shows 

A  A  A 

hr  =  cdc<t>h\  —  s0b2  +  c0s<l>b3 
03  =  — s(f>b\  c<f>h^ 

A  A  A 

63  =  {c<f>s6stl;  —  S0C0)  61  +  cdsxpb2  +  (s0s0s0  +  c0c0)  63 
and  using  a  binomial  expansion 


Therefore 


II.  A  A  A 

(jJ  *  =  ljJa,b\  + 

=  —  6s^  +  nsFP  {c<i>s6sxl)  —  s^c0)]  6i  + 

[-^30  +  <^  +  nsFPcOsi)]^  62  + 

^c0s4>  4-  0c4>  +  nsFP  {s<i>s9s‘4>  +  c^c^)]  %  (F-34) 

Understanding  that  the  last  terms  in  Wfc,  and  u)c  are  due  to  the  rotation  of  the 
d-frame,  at  the  center  of  mass  of  the  SFP,  with  respect  to  the  i-frame,  Equation  F.34 
is  the  same  as  that  derived  by  Wiesel  (93:113). 

Equation  F.34  is  the  inertial  angular  velocity,  expressed  in  the  ^frame.  To 
use  Equation  F.29,  the  inertial  angula  .cceleration  is  also  needed.  Examination 
of  Equation  F.34  shows  that  uJ**  is  nonliu  ar  and  coupled  in  the  orientation  angles. 
Since  the  goal  is  to  obtain  three  equations  of  motion  describing  the  orientation  of 
the  vehicle  in  inertial  space,  the  equations  resulting  from  Euler’s  equations  should 
be  in  terms  of  rj),  0,  and  The  application  of  Equation  F.3  to  Equation  F.34 
further  compounds  the  nonlinearities  and  coupling.  For  the  scope  of  this  study,  it  is 
not  necessary  to  solve  the  complete  nonlinear  equations.  To  simplify  the  problem, 
can  b  linearized  about  a  point.  The  point  selected  to  linearize  about  is  the 
fundamental  orientation  (0  =  0  =  ^  =  0®),  since  this  is  one  of  the  primary  operating 
orientations  for  the  SFP.  Other  operating  orientations  could  be  chosen,  in  which 
case  the  elements  of  Equation  F.34  would  need  to  be  expanded  by  Taylor  series 
expansions  about  the  point  of  interest. 

To  linearize  about  the  point  ^  =  0  =  ^  =  0°,  assume  the  perturbations  from 
this  point  are  small.  This  allows  the  use  of  the  small  angle  assumptions 

c0  =  c^  =  «  1 
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3$  fn  0  3<l>  m  <l>  srj>  ^  0 

It  is  assumed  that  the  rates  of  change  of  the  orientation  angles  are  small  as  well.  If 
the  products  of  small  elements  axe  assumed  to  be  negligible,  the  linearized  C2ui 
be  obtained.  Substituting  back  into  Equation  F.34  gives 

~  nsFP^  ^  ^  +  nsFP^  ^ 

=  (0  -  61  +  +  nt/fj  62  +  +  n  -  ^  (F.35) 

This  equation  is  now  easily  differentiated  to  give  the  linearized  inertial  angular  ac¬ 
celeration  in  terms  of  the  orientation  angles.  Differentiating, 

=  (t^  -  «<^)  ^  +  (^  +  62+  ^0-  j  ^  (F.36) 

Equations  F.35  and  F.36  can  be  substituted  back  into  Equations  F.30  -  F.32 
to  give  the  rotational  equations  of  motion  in  terms  of  the  orientation  angles.  Again 
neglecting  the  products  of  the  orientation  angles  and/or  their  rates,  the  rotational 
equations  of  motion  are  given  by 

61  ;  Ai/>  +  n(C-  B-A)^  +  n^(C-  =  ^Mi  (F.37) 

k:  B^-i-n(A  +  B-C)t/^-i-n^(C  -A)(/>  =  ‘’M3  (F.38) 

63:  C0-^—Sr  =  ‘M3  (F.39) 

These  three  equations  are  the  inertial  angular  accelerations,  expressed  in  the  orien¬ 
tation  angles,  due  to  the  external  moment,  ‘M. 

Similar  to  the  case  of  the  translational  equations  of  motion,  ‘M  the  sum  of 
all  external  torques  acting  on  the  SFP.  A  nrr  ^pr  of  external  forces  can  contribute  to 
this  total  torque.  As  before,  gravity,  aerodynamic  drag,  magnetic  field  effects,  and 
non-environmental  forces  can  all  apply  torques  to  an  orbiting  vehicle.  It  is  reasonable 
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to  expect  that  if  the  aerodynamic  drag  force  is  strong  enough  to  be  considered  in 
the  relative  translational  equations  of  motion,  it  should  be  included  in  the  relative 
rotational  equations  as  well.  However,  the  SFP’s  configuration  shown  in  Figure  3.1 
is  symmetric  across  the  6162  plane.  The  majority  of  the  presented  area  of  the  SFP 
is  a  result  of  the  solar  dynamic  power  modules  and  the  ASSET  photovoltaic  arrays. 
Because  of  symmetry  and  the  fact  that  the  62-axis  is  essentially  aligned  with  the 
velocity  vector,  the  aerodynamic  drag  is  assumed  to  cause  no  torque  about  the  61- 
aocis  in  this  orientation.  The  remainder  of  the  area  is  small  and  near  the  center 
of  mass;  it  is  assumed  that  the  drag  torque  generated  by  this  area  is  negligible. 
It  is  also  assumed  that  there  are  no  drag  effects  due  to  assymetries  in  component 
drag  coefficients.  The  result  is  that  aerodynamic  drag  effects  are  negligable  in  the 
relative  rotational  equations  of  motion,  and  for  the  purposes  of  this  study,  gravity 
and  magnetic  field  effects  will  be  the  only  forces  included  in  the  analysis. 

An  examination  of  Equation  F.8  shows  the  force  due  to  gravity  changes  with 
the  distance  between  the  two  bodies.  This  change  can  generate  a  torque  on  an 
orbiting  vehicle,  in  this  case  the  SFP.  Assuming  the  SFP’s  principal  body  axes  are 
aligned  with  the  6-frame  axes,  the  approximate  component  gravitational  torques  are 
given  by  Wiesel  (93:146-147)  as 


M,, 

=  3^R2R3{C-B) 

(F.40) 

Mg2 

=  3^RiR^{A-C) 

(F.41) 

^93 

=  3^R^R2{B-A) 

(F.42) 
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where  Ri,  R2,  and  R3  are  the  components  of  r  expressed  in  the  ^frame.  Transforming 
f  (Equation  F.2)  from  the  a-frame  to  the  ^frame  using  Equation  C.IO, 

^ 

c<t>c6  c<f)s6a})  4-  s4>sxl)  C(f>s6s^  —  s(f>c^  (r,,  +  8r) 

—s6  cdaj)  cOarf)  ToSu 

s<j)c6  s4>s6cil^  —  c<f>srp  s<f>s6si{>  +  c^c0  6z 

=  \[c4)c0)  (ro  +  Sr)  +  {c<f>s6c^  +  3(f)srlf)  (roSv)  +  {c<f>s9sil>  —  s<f>ap)  {Sz)\  h\  + 

[(  ---sd)  {to  +  Sr)  +  {cdoj))  {toSi/)  +  {cOstf))  62  + 

[{s4)cB)  (ro  +  ^r)  +  [s4>s0al)  —  c^sij))  (rgSi/)  + 

{s<f>s6srl}  +  c<f>ap)  {Sz)\  63  (F-43) 

As  can  be  seen  from  this  expression,  the  elements  of  **7  are  highly  nonlinear  in  the 
orientation  angles  and  do  not  lend  themselves  to  an  analytical  solution  of  Euler’s 
equations.  If  the  same  assumptions  are  made  as  were  made  for  linearizing  the  angular 
velocity  and  acceleration,  the  expression  for  the  linear  becomes 

‘r  =  (ro  +  Sr)  hi  -  ro{B  -  Sv)  ^  +  (ro(^  +  Sz)  63  (F.44) 

so 

Ri  =  ro  +  Sr 

R2  =  To^  —  I'oSv 
R3  =  ro(f>  +  Sz 
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Before  the  gravity  torque  equations  can  be  used,  the  r  ®  term  must  be  expanded 
using  a  binomial  expansion 

r"®  =  [(ro  +  <5r)^  +  (voO  -  roSi/f  +  (r,,^  -f  8zf^  * 

^  *”7^  (’“o  ~  +  O  [|6f  p] 

Substituting  this  expression  and  the  Ri  components  back  into  Equations  F.40  - 
F.42  gives  the  linearized,  first  order  approximation  of  the  gravity  torques.  The  full 
expressions  of  components  of  the  gravity  torque  contain  products  of  position  and 
orientation  components.  Assuming  these  terms  are  small  compared  to  Tq,  they  can 
be  neglected,  and  the  gravity  torque  components  become: 


=  0 

(F.45) 

^92 

(F.46) 

M93 

=  Zn^{8u-0){B-A) 

(F.47) 

As  with  the  translational  equations  of  motion,  the  magnetic  field  effects  are 
used  for  controlling  orientation  and  are  not  included  in  the  homogeneous  rotational 
equations  of  motion.  These  equations  can  now  be  found  by  substituting  Equa¬ 
tions  F.45  -  F.47  into  Equations  F.37  -  F.39.  The  relative  rotational  equations  of 
motion  are  then  given  as 


6i: 

62  : 


A’ij)  +  n{C  —  B  —  A)  ^  {C  —  B)  xj)  = 


B~^-\-n{A-\-B-C)xi)  +  ^n'^{C-A)<l>-\-  — ^8z 

fo 

ci  -\^Sr  +  3n^  (B  -  A)#  -  -  A)rM 

Z  Vo  To 


0  (F.48) 
0  (F.49) 


=  0  (F.50) 


These  are  the  rotational  equations  of  motion  for  a  reference  point  in  a  circular 
orbit.  They  are  coupled,  linear,  constant-coefficient,  differential  equations  that  can 
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be  used  to  approxin  "te  the  rotational  motion  of  the  SFP  for  small  perturbations 
from  the  condition  about  which  the  linearization  was  performed.  They  differ  from 
the  equations  derived  by  Wiesel  (93:148)  due  to  the  presence  of  terms  containing 
relative  position  components  (a  result  of  the  SFP  being  at  some  other  point  than, 
but  close  to,  the  reference  point)  and  the  orbital  frame  being  fixed  to  the  reference 
point  rather  than  the  SFP.  These  equations  reduce  to  those  derived  by  Wiesel  when 
the  relative  positions  and  velocities  axe  set  to  zero  (i.e.  attaching  the  reference  point 
to  the  SFP). 

F.0.0.3  SFP  Relative  Equations  of  Motion.  The  derivation  of  the 
relative  equations  of  motion  is  now  complete.  The  six  equations 

Sf  —  KSr  —  2nro6i/ —  3n^6r KSujroSi/ +  Ku)2Sz  =  0  (F.51) 

VoSi/  +  2nSr  +  KvoSv  —  KSu>6r  —  KuiSz  —  KSivvo  =  0  (F.52) 

Sz  —  KSz  —  Kijj2Sr  +  KuiVoSu  +  n^6z  —  Kw2rc,  =  0  (F.53) 

A^  +  n{C-B-A)^  +  n^{C-B)rP  =  0  (F.54) 

B^  +  n{A  +  B  -  C)tP  +  {C  -  A)  <f>  +  3n^  ~  6z  =  0  (F.55) 

To 

Ce  -  +  3n^  {B-A)9-  3n"  ~  =  0  (F.56) 

2  To  To 

completely  describe  the  position  and  orientation  of  the  SFP,  in  the  neighborhood  of 
the  reference  point,  for  small  yaw,  pitch,  and  roll  angles  when  no  forcing  functions 
are  applied  (such  as  the  propulsion/control  system). 

F.O.0.4  Steady  State  Equations  of  Motion.  The  primary  use  of  the 
relative  equations  of  motion  is  to  design  a  controller  to  perform  steady  state  track¬ 
ing  relative  to  a  reference  point.  The  controller  design  is  then  used  to  determine 
specific  design  parameters  for  the  SFP.  Some  insight  into  the  platform’s  required 
configuration  and  performance  capabilities  can  be  gained  by  considering  the  relative 
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equations  of  motion  under  steady  state  conditions.  Under  steady  state  conditions: 


8r  =  Sf  =  VoSO  =  roSv  —  8z  =  8z  Q 
^  =  ^  =  (^  =  ^  =  ^  =  ^  =  0 


Substituting  these  values  into  Equations  F.51  -  F.56  gives: 

Fsr..  =  Mtot  [— 3n^6r  +  K8ujroSu  +  Kuj^Sz^^  (^-57) 

FtoSu,,  =  Mtot[—F8ijj8r  —  K{jj\8z  —  K8uro\  (F.58) 

Fsz,,  =  Mtot  ^—Ku^Sr  +  KuiToSv  +  n^8z  —  (F.59) 

M^„  =  A[n^(C-fi)V»]  (F.60) 

A/^..  =  B  4n^  {C- A)  <!>  +  3n"^~  8z  (F.61) 

Mg„  =  C  [sn^  {B- A)  0-Zn^ ~  (F.62) 


A  few  conclusions  can  be  drawn  from  these  equations.  First,  excluding  drag  effects, 
a  standoff  in  the  radial  direction  requires  three  times  as  much  force  as  a  standoff 
of  the  same  distance  in  the  out-of-plane  direction;  a  standoff  along  the  orbit  path 
requires  no  force  (when  drag  is  excluded).  Second,  drag  effects  require  steady  forces 
be  applied  in  both  the  path  and  out-of-plane  directions  to  stay  at  a  fixed  point,  even 
if  the  SFP  is  at  the  reference  radius.  Steady  state  forces  are  required  in  the  radial 
direction  only  if  the  SFP  is  not  at  the  reference  radius.  If  the  SFP  is  not  at  the 
reference  radius,  the  steady  state  forces  are  required  due  to  the  vector  component  of 
the  drag  force  that  is  tangent  to  the  orbit  path  at  the  SFP’s  center  of  mass.  Third, 
steady  state  moments  are  required  to  hold  a  yaw,  roll,  and/or  pitch  attitude.  If  the 
SFP  is  standing  off  along  the  orbit  path  or  out-of-plane,  steady  state  moments  are 
required  to  maintain  any  fixed  attitude. 
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Appendix  G.  Platform  Design  Programs 


Several  MATLAB  (65)  computer  programs  were  developed  as  design  tools  for 
the  task  of  sizing  the  propulsion  system.  The  main  design  programs  are  a  modi¬ 
fied  version  of  the  program  developed  by  Lawrence  (49:F.l  -  F.ll).  The  code  was 
modified  to  incorporate  all  differences  between  Lawrence’s  POTV  and  the  SFP.  The 
changes  included: 

•  a  more  detailed  breakout  of  the  vehicle  mass  elements 

•  a  more  detailed  mass  moments  of  inertia  determination 

•  accounting  for  specific  true  anomaly,  sidereal  time,  and  inclination  data 

•  accounting  for  aerodynamic  drag 

•  calculation  of  all  forces  and  moments  generated  by  individual  control  elements 

•  calculation  of  the  total  power  required,  to  including  induced  voltage  power 
requirements 

•  calculation  of  the  surface  and  core  temperatures  of  all  conductors 

The  programs  determine  the  currents  and  thrust  required,  the  state  vector  and 
the  outputs  over  a  period  of  time  specified  when  the  program  is  run.  The  first 
program  places  the  vehicle  at  a  fixed  point  in  the  orbit  while  time  goes  forward. 
The  currents  required,  thrust  required,  total  power  required,  total  voltage  required, 
position  and  orientation,  and  forces  and  moments  are  all  plotted.  This  program  is 
used  to  study  the  time-based  performance  of  the  propulsion  system  at  a  single  fixed 
point  in  the  orbit.  This  program  can  be  run  at  numerous  points  along  the  orbit  to 
build  a  “gain  schedule”  for  the  controller.  Several  subroutines  are  used  to  perform 
specialized  tasks  such  as  determining  the  diameter  of  a  conductor  bundle  beised  on 
the  number  of  individual  conductors  and  checking  the  surface  and  core  temperatures 
of  the  conductors. 
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G.l  Time- History  Design  Program 

The  following  MATLAB  program  is  one  of  the  primary  tools  for  performing  the 
detailed  design  of  the  SFP.  The  basic  code  was  developed  by  Lawrence  (49;F.1-F.ll). 
The  code  was  modified  to  incorporate  till  differences  between  the  POTV  vehicle  and 
the  SFP.  The  changes  included; 


•  a  more  detailed  breakout  of  the  vehicle  mass  elements 

•  a  more  detailed  mass  moments  of  inertia  determination 

•  accounting  for  specific  true  anomaly,  sidereal  time,  and  inclination  data 

•  accounting  for  aerodynamic  drag 

•  calculation  of  all  forces  and  moments  generated  by  individual  control  elements 

•  calculation  of  the  total  power  required,  to  include  electromotive  forces 

•  calculation  of  the  surface  and  core  temperatures  of  aJl  conductors 

The  program  determines  the  currents  and  thrust  required,  the  state  vector  and  the 
outputs  over  a  period  of  time  specified  when  the  program  is  run.  The  currents 
required,  thrust  required,  total  required  power,  total  voltage  required,  position  and 
orientation,  and  forces  and  moments  are  all  plotted. 


Progzaa  Variables 


mxxxxxxxsxxxxxxxxttxxxxxxxxixsxxxxxusxxxnxxxxxxxmstxxmxxxxtxxxsxxxxxxxxtxx 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 


k 

a 

idrag 

alt itoda 

area 

B 

B1 

B2 

B3 

blBoal 

blBOB2 

blaoaS 

blaoad 

blMoaB 

blaioa? 

blaoaS 

blaoaB 


Total  In  aaaa  aoaaat  of  Inertia  (kgea'2} 
Matrix  containing  SFP  accelerations  Oi/s'2) 
SFP  Frontal  Area  (n*2) 

SFP  altitnde 

Condnetor  sire  area  (a*2} 

Total  In  aasa  aoaent  of  inertia  (kgea'2) 

B  field  coaponent  -  bl  direction  (T) 

B  field  coaponent  -  b2  direction  (T) 

B  field  coaponent  -  b3  direction  (T) 
Condnetor  Cl  aoaent  '  bl  direction  (tea) 
Conductor  C2  aoaent  -  bl  direction  (lea) 
Conductor  C3  aoaent  '  bl  direction  (lea) 


Condnetor  C4  aoaent 
Condnetor  C6  aoaent 
Condnetor  C7  aoaent 
Condnetor  C8  aoaent 
Condnetor  C9  ament 


-  bl  direction  (lea) 

-  bl  direction  (lea) 

-  bl  direction  (lea) 

-  bl  direction  (lea) 

-  bl  direction  (lea) 
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1  b3aoBl  Conductor  Cl  ■oaant  -  b2  dlroctlon  (■•■) 

X  b3BOB3  Condactor  C3  amoiit  -  b3  dlrociion  (■•■) 

X  b3Boa4  CondBcior  C4  WMMnt  -  ba  dlroctlon  (■•■) 

X  bawNiS  Conductor  C5  aonont  -  ba  direction  (loa) 

X  baaoaS  Conductor  C8  Boaont  -  ba  dlroctlon  (loa) 

X  baaoa9  Conductor  C9  aoaont  -  ba  direction  (loa) 

X  bSaoal  Conductor  Cl  amont  -  b3  dlroctlon  (loa) 

X  bSaoaa  Conductor  Ca  aoaont  -  b3  dlroctlon  (loa) 

X  b3aoa3  Conductor  C3  aouont  -  b3  direction  (loa) 

X  bSaoad  Conductor  C4  aoaont  -  b3  direction  (loa) 

X  b3aoa6  Conductor  CS  aoaont  -  b3  direction  (loa) 

X  b3Boa6  Conductor  C6  aoaont  -  b3  direction  (loa) 

X  b3Boa7  Conductor  C7  aoaont  -  b3  dlroctlon  (loa) 

X  bSaoalO  Conductor  CIO  aaaont  -  b3  direction  (lea) 

X  C  Total  Ixz  aasa  aoaont  of  Inertia  (kfOa'a) 

X  Cd  SFP  Drag  Coefficient 

X  CO  b-fraao  to  a  fraao  rotation  aatrlz 

X  dl  Dlaaatar  of  conductor  Cl  (a) 

X  da  Dlaaatar  of  conductor  Ca  (a) 

X  d3  Dlaaatar  of  conductor  C3  (a) 

X  d4  Dlaaatar  of  conductor  C4  (a) 

X  dS  Dlaaoter  of  conductor  CS  (a) 

X  dalr  Coaaandad  delta  r  relatlee  ponltlon  (a) 

X  delrO  Initial  delta  r  ralatleo  poaltlon  (a) 

X  dola  SFP  ralatleo  angular  rate  (rad/a)  (n->3) 

X  dolz  Coananded  delta  z  rolatlza  poaltlon  (a) 

X  dalzO  Initial  rO  dolta  nn  ralatlzo  poaltlon  (a) 

X  dalra  Wlra  dlaaoter  (a) 

X  Fcl  Cloaod  loop  ayatoa  aatrlz 

X  Faya  Open  loop  ayatea  aatrlz 

X  0  Unleoraal  Oravltatlon  Conatant  (foa'a/kg'a) 

X  del  Cloaod  loop  Input  aatrlz 

X  Oaya  Open  loop  Input  aatrlz 

X  hapa  ISSBT  array  cantor  of  aaaa  height  (a) 

X  Hapa  ASSET  array  effect Ira  height  (a) 

X  Hcl  Cloaod  loop  output  aatrlz 

X  ha  Scale  height  (ha) 

X  Hapa  Pouar  aodnlo  offectlza  height  (a) 

X  hapa  Pouar  aodnlo  center  of  aaaa  height  (a) 

X  Baya  Open  loop  output  aatrlz 

X  Hta  Thruater  aaaeably  height  (a) 

X  Hta  Tmaa  aakor  height  (a) 

X  1  Local  counter 

X  ISaa  Conductor  CS  ateady  atate  current  due  to  drag 

X  Incl  Orbit  Inclination  (dag) 

X  Izzd)  Z-azla  aaaa  aoaont  of  Inertia  for  Payload 

X  Izz(2}  1-azla  aaaa  aoaont  of  Inertia  for  Truaa  Haker 

X  Izz(3)  X-azla  aaaa  aoaant  of  Inertia  for  Main  Integrated  Truaa 

X  Izz(4)  I-azla  aaaa  aoaant  of  inertia  for  Thruater  Aaaoabliaa 

X  Izz(S)  Z-azia  aaaa  aoaant  of  inertia  for  Croaa  Integrated  Truaa 

X  Izz(6)  Z-azla  aaaa  aoaant  of  Inertia  for  Solar  Dynaalc  Celia 

X  Izz(7)  Z-azia  aaaa  aoaant  of  inertia  for  ASSET  Pouar  Arraya 

X  Izz(8)  Z-azia  aaaa  aonant  of  Inertia  for  Orthogonal  Integrated  Truaa 
X  Izz(9)  X-azla  aaaa  aoaant  of  Inertia  for  Conductor  Cl 

X  Izz(lO)  Z-azia  aaaa  aoaant  of  Inertia  for  Conductor  C2 

X  Izz(ll)  Z-azla  aaaa  noaent  of  inertia  for  Conductor  C3 

X  Izz(12)  Z-azla  aaaa  aoaant  of  inertia  for  Conductor  C4 

X  Izz(13)  Z-azla  aaaa  aoaant  of  Inertia  for  Conductor  CS 

X  Izz(14)  Z-azia  aaaa  aoaant  of  Inertia  for  Coiled  Conductor  Truaa  Aaaeably 

X  lyy(l)  Y-azia  aaaa  aoaant  of  inertia  for  Payload 

X  lyyO)  T-azia  aaaa  aoaant  of  Inertia  for  Truaa  Raker 

X  Iyy(3)  Y-azia  aaaa  aoaant  of  inertia  for  Rain  Integrated  Truaa 

X  Iyy(4)  Y-azia  aaaa  aoaant  of  inertia  for  Thruater  Aaaaabllea 

X  lyy(S)  Y-azia  aaaa  aoaant  of  inertia  for  Croaa  Integrated  Truaa 

X  Iyy(8)  *-azia  aaaa  aoaant  of  Inertia  for  Solar  Dynaalc  Celia 
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X  iyy(7) 

X  lyy(e) 

X  Iyy(9) 

X  lyydo) 
X  lyy.a) 
X  117(12) 
X  ljy(13) 
X  Iyy<M) 
X  I»(l) 

X  I»(2) 

X  luO) 

X  Iiz(4) 

X  Izz(s) 

X  Izz(6) 

X  lzx(7) 

X  Izz(8) 

X  Izz(9) 

X  Izz(lO) 
X  Izz(ll) 
X  Izz(12) 
X  Izz(13) 
X  Izz(14) 
X  Jcl 
X  Jzyz 
X  I 
X  Id 
X  LI 
X  L2 
X  L3 
X  L4 
X  L6 
X  L6 
X  L7 
X  L8 
X  L9 
X  LIO 
X  Llvac 
X  L2t«c 
X  L3t«c 
X  L4*«c 
X  LStzc 
X  LlVlnd 
X  LQVlnd 
X  L3Vind 
X  LdVind 
X  LSyiad 
X  LaaO 
X  lapa 
X  LCl 
X  LC2 
X  LC3 
X  LC4 
X  LCS 
X  Lccat 
X  Lcit 
X  Uait 
X  Loit 
X  Lpay 
X  Laol« 

X  Laol7 
X  '<*018 
X  Laol9 
X  LaollO 
X  lapa 
X  LtB 


y-azla 

■ass 

■onant 

of 

inert la 

for 

ASSET  Poaar  Arrays 

y-azia 

■sss 

aoaant 

of 

inertia 

for 

Orthogonal  Intagratad  Tmss 

y-azia 

■sss 

■oaant 

of 

inertia 

for 

Condnctor  Cl 

y-azia 

■sss 

■oaant 

of 

inertia 

for 

Conductor  C3 

y-azia 

■sss 

■oaant 

of 

inertia 

for 

Condnctor  C3 

y-azla 

■sss 

■oaant 

of 

inertia 

for 

Condnctor  C4 

y-azla 

■sss 

■oaant 

of 

inertia 

for 

Condnctor  CS 

y-azia 

■sss 

■oaant 

of 

inertia 

for 

Coilad  Condnctor  Tmaa  Assanbly 

Z-azla 

■sss 

■oaant 

of 

inertia 

for 

Payload 

Z-azla 

■sss 

■oaant 

of 

inertia 

for 

Tmaa  Raker 

Z-azla 

■sss 

■OMnt 

of 

inert ia 

for 

Rain  Intagratad  Tmaa 

Z-azia 

■sss 

■oaant 

of 

inert la 

for 

Thmstar  Assanblias 

Z-azia 

■sss 

■oaant 

of 

inertia 

for 

Cross  Intagratad  Tmss 

Z-azia 

■sss 

■oaant 

of 

inertia 

for 

Solar  Dynanlc  Calls 

Z-azia 

■sss 

■oaant 

of 

inert la 

for 

ASSET  Poser  Arrays 

Z-azla 

■sss 

■oaant 

of 

inert la 

for 

Orthogonal  Intagratad  Tmss 

Z-azla 

■sss 

■oaant 

of 

inertia 

for 

Condnctor  Cl 

Z-azla 

■sss 

■oaant 

of 

inert la 

for 

Condnctor  C3 

Z-azla 

■sss 

■oaant 

of 

inert la 

for 

Condnctor  C3 

Z-azia 

■sss 

■oaant 

of 

inertia 

for 

Condnctor  CA 

Z-azia 

■ass 

■oaant 

of 

inert la 

for 

Conductor  CS 

Z-azia 

■sss 

■oaant 

of 

inertia 

for 

Coilad  Condnctor  Tmss  Assanbly 

Cloaad 

loop 

feadfomard  antrlz 

Opan  loop  faadforaa^d  aatriz 

LQ8  coDtrollar  conatant  gain  aatrlx 

Drag  Factor  (1/a) 

Total  langth  of  condactor  Cl  (■) 

Total  langth  of  conductor  C2  (■) 

Total  langth  of  condnctor  C3  (■) 

Total  langth  of  condnctor  C4  (■) 

Total  langth  of  condnctor  C6  (■) 

Total  langth  of  condnctor  C8  (■) 

Total  langth  of  condnctor  C7  (a) 

Total  langth  of  condnctor  C8  (■) 

Total  length  of  condnctor  C9  (a) 

Total  langth  of  condnctor  CIO  (a) 

Vector  langth  of  condnctor  Cl  In  b-fraaa  (a) 
Vector  length  of  condnctor  C2  In  b-fraaa  (a) 
Vector  langth  of  condnctor  C3  in  b-fraaa  (a) 
Vector  length  of  condnctor  C4  in  b-fraaa  (a) 
Vector  length  of  condnctor  CS  in  b-fraaa  (a) 
Condnctor  Cl  Indncad  Toltaga  (t) 

Condnctor  C2  Indncad  voltage  (*) 

Condnctor  C3  Indncad  voltage  (v) 

Condnctor  C4  indncad  voltage  (v) 

Condnctor  CS  indncad  voltage  (v) 

Longitnda  of  anatral  ai^la  aagnatic  pole  (dog) 
ASSET  array  poaition  on  tmaa  (a) 

Length  of  condnctor  Cl  aaaaably  (a) 

Length  of  condnctor  C3  aaaaably  (a) 

Length  of  condnctor  C3  aaaaably  (a) 

Length  of  condnctor  C4  aaaaably  (a) 

Langth  of  condnctor  CS  aaaaably  (a) 

Langth  of  coilad  condnctor  Intagratad  tmaa  (a) 
Croaa  intagratad  tmaaaa  langth  (a) 

Intagratad  tmaa  langth  (a) 

Orthogonal  intagratad  tmaa  langth  (a) 

Payload  langth  (a) 

Langth  of  coilad  condnctor  CO  (a) 

Langth  of  coilad  condnctor  C7  (a) 

Langth  of  coilad  condnctor  C8  (a) 

Langth  of  coilad  condnctor  C9  (a) 

Langth  of  coilad  condnctor  CIO  (a) 

Povar  aodnla  poaition  on  tmaa  (a) 

Tmaa  aakar  langth  (a) 
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X  H  HagiMtlc  dipol*  BOMnt  of  tho  oazth  (T*b*3) 

X  al  B-flold  factor  In  ar  diractlon 

X  b3  B-flold  factor  In  athata  direction 

X  b3  B-flald  factor  la  a3  direction 

X  Rapa  Asset  array  Rasa  (kg) 

X  aazenr  Razlaaa  enrrents  vector  (1) 

X  Re  Controllability  matrix 

X  Rcl  Condnetor  Cl  aaaa  (kg) 

X  Rc3  Conductor  C3  iwsa  (kg) 

X  Rc3  Condnetor  C3  aasa  (kg) 

X  Rc4  Conductor  04  a»aa  (kg) 

X  RcS  Conductor  CS  anas  (kg) 

X  Rc6  Colled  Conductor  C6  aasa  (kg) 

X  Rc7  Colled  Conductor  C7  aasa  ()ig) 

X  Rc8  Colled  Conductor  C8  aasa  (kg) 

X  Rc9  Colled  Conductor  C9  anas  (kg) 

X  RclO  Colled  Condnetor  CIO  aasa  (kg) 

X  Reest  Rasa  of  colled  conductor  integrated  trass  (kg) 

X  Rcit  Rasa  of  cross  Integrated  truss  (kg) 

X  Re  Rasa  of  Earth  (kg) 

X  B  Local  variable  -  nnaber  of  roes  In  aatrix 

X  hit  Rasa  of  aain  integrated  truss  (kg) 

X  Ro  Observability  aatrix 

X  Rolt  Rasa  of  orthogonal  Integrated  truss  (kg) 

X  Rpay  Rasa  of  payload  (kg) 

X  Rpf  Constant  gain  pre-filter  aatrix 

X  Rapa  Rasa  of  solar  dynamic  poser  module  (kg) 

X  Rta  Rasa  of  thruster  aaaeaibly  (kg) 

X  Rta  Rasa  of  truss  aakar  (kg) 

X  Rtot  Total  aaas  of  SFP  (kg) 

X  and  Ru  factor  of  colled  conductor  Cl  (a*2) 

X  an?  Rn  factor  of  colled  conductor  Ca  (a*2) 

X  sad  Ru  factor  of  colled  conductor  C3  (b*2) 

X  an9  Rn  factor  of  colled  conductor  C4  (a*2) 

X  anlO  Ru  factor  of  colled  conductor  CS  (m*2) 

X  a  Orbital  aaaa  aetloa  of  reference  orbit  (rad/s) 

X  an  Local  variable  -  number  of  columns  in  aatrix 

X  nl  Ruabor  of  turns  la  conductor  Cl 

X  n2  lumber  of  turns  la  condnetor  C2 

X  a3  Bnabor  of  turns  in  conductor  C3 

X  n4  lumber  of  turns  in  conductor  C4 

X  aS  luaber  of  turns  In  conductor  CS 

X  nS  luaber  of  turns  in  conductor  Cd 

X  a7  luaber  of  turns  la  conductor  C7 

X  ad  luaber  of  turns  la  conductor  Cd 

X  n9  luaber  of  toms  In  condnetor  C9 

X  nlO  luaber  of  turns  In  conductor  CIO 

X  nag  factor  containing  largest  negative  currents  (A) 

X  ntinc  luaber  of  time  increments 

X  an  True  anomaly  (dag) 

X  Omega  Bight  ascension  of  the  ascending  node  (dag) 

X  phi  Coanandad  roll  angle  (dag) 

X  phlO  Initial  roll  angl'  '.dog) 

X  PhiO  Latitude  of  austrai.  simple  magnetic  dipole  pole  (dag) 

X  pos  factor  containing  largest  positive  currants  (A) 

X  posl  Poser  required  by  conductor  Cl  (kW) 

X  pow2  Poser  required  by  conductor  C2  (kl) 

X  pos3  Poser  required  by  condnetor  C3  (kl) 

X  pos4  Poser  required  by  conductor  C4  (kl) 

X  posS  Poser  required  by  conductor  CS  (kl) 

X  posd  Poser  required  by  conductor  Cd  (kl) 

X  pos7  Poser  required  by  conductor  C7  (kl) 

X  posd  Poser  required  by  conductor  (M  (kl) 

X  pond  Poser  required  by  conductor  C9  (kl) 

X  poslO  Poser  required  by  condnetor  CIO  (kl) 
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X  pal  Liaaar  danslt;  of  conductor  Cl  shiold  (kg/m) 

X  pa2  Liaaar  daaaity  of  conductor  C2  ahiald  (kg/a) 

X  pa3  Linaar  danalty  of  conductor  C3  akiald  (kg/a) 

X  pad  Linaar  danaity  of  conductor  C4  akiald  (kg/a) 

X  paS  Linaar  danaity  of  conductor  C6  akiald  (kg/a) 

X  pai  Coaaandad  yaa  angla  (dag) 

X  paiO  Initial  yaa  angla  (dag) 

X  pal  Linaar  danaity  of  conductor  Cl  (kg/a) 

X  pn2  Liaaar  danaity  of  conductor  C2  (kg/a) 

X  pa3  Linaar  danaity  of  conductor  C3  (kg/a) 

X  pad  Linaar  danaity  of  conductor  C4  (kg/a) 

X  paS  Linaar  daaaity  of  conductor  CS  (kg/a) 

X  pace  Linaar  danaity  of  coilad  conductora  (kg/a) 

X  Q  LQk  atata  aaigkt  aatrlz 

X  qat  Walgkting  factor  of  atata  aaigkt  aatrlz 

X  r  Ratrlz  of  input  aactora 

X  rO  kadiua  of  rafaranca  orbit  (a) 

X  kl  kaaiatanca  of  conductor  Cl  (okaa) 

X  B2  kaaiatanca  of  conductor  C2  (okaa) 

X  k3  kaaiatanca  of  conductor  C3  (okaa) 

X  kd  kaaiatanca  of  conductor  Cd  (okaa) 

X  kS  kaaiatanca  of  conductor  C6  (okaa) 

X  16  kaaiatanca  of  conductor  C6  (okaa) 

X  k7  kaaiatanca  of  conductor  C7  (okaa) 

X  kS  kaaiatanca  of  conductor  C8  (okaa) 

X  kS  kaaiatanca  of  conductor  C9  (okaa) 

X  klO  kaaiatanca  of  conductor  CIO  (okaa) 

X  r6  loainal  radina  of  coilad  conductor  C6  (a) 

X  r7  loaUnal  radina  of  coilad  conductor  C7  (a) 

X  rS  loainal  radina  of  coilad  conductor  C8  (a) 

X  rS  loainal  radina  of  coilad  conductor  C9  (a) 

X  rlO  loainal  radina  of  coilad  conductor  CIO  (a) 

X  rdnu  Coaaandad  ro  dalta  nu  ralatlaa  poaition  (a) 

X  rdnuO  Initial  dalta  z  ralatlva  poaition  (a) 

X  ra  Raan  Equatorial  kadiua  of  Eartk  (a) 

X  rko  kaaiatanca  of  alualnua  conductor  (okaa/a) 

X  rkoO  kir  danaity  at  rafaranca  altituda  (kg/a~3) 

X  kl  LQk  Control  aaigktlng  aatrlz 

X  kpay  kadiua  of  aztaraal  tank  payload  (a) 

X  rraf  kafaranca  altituda  (ka) 

X  raolO  Tkickaaaa  of  coilad  conductor  00  (a) 

X  raolS  Tkicknaaa  of  coilad  conductor  C8  (a) 

X  raollO  Tkicknaaa  of  coilad  conductor  CIO  (a) 

X  ruira  kadiua  of  indialdual  conductor  aira  (a) 

X  rut  laighting  factor  of  control  aai^ting  aatrlz 

X  t  Tina  aactor  (a) 

X  TIO  Conductor  Cl  corn  taaparatura  (dag  C) 

X  T20  Conductor  C2  cora  taaparatura  (dag  C) 

X  T30  Conductor  C3  cora  taaqparatura  (dag  C) 

X  TdO  Conductor  Cd  corn  taaq^ratura  (dag  C) 

X  T60  Conductor  CS  cora  taaparatura  (dag  C) 

X  T60  Conductor  C6  cora  taaparatura  (dag  C) 

X  T70  Conductor  C7  cora  taaparatura  (dag  C) 

X  T80  Conductor  C8  cora  taaparatura  (dag  C) 

X  T90  Conductor  C9  cora  taaparatura  (dag  C) 

X  TlOO  Conductor  CIO  cora  taaparatura  (dag  C) 

X  Til  Conductor  Cl  latic  taaparatura  (dag  C) 

X  T21  Conductor  C3  latic  ta^aratura  (dag  C) 

X  T31  Conductor  C3  latic  ta^aratnra  (dag  C) 

X  Tdl  Conductor  Cd  latic  ta^aratura  (dag  C) 

X  T61  Conductor  CS  latic  ta^aratnra  (dag  C) 

X  tkata  Coaaundad  pitek  angla  (dag) 

X  tkataO  Initial  pitek  angla  (dag) 

X  Tkatag  Sldaraal  tiaa  (dag) 

X  tksa  Out  of  plana  tkruat  raqnirad  dna  to  drag  (I) 
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X  tlaac  Laagth  of  tiaa  vector 

X  taaz  Raxlma  tlao  ia  tiao  vector  (a) 

X  totpoe  Total  poaer  repaired  by  coatroller  (kV) 

X  tabloid  latlc  abiold  tblckaaaa  (aa) 

X  a  latrlz  of  coatrol  vactora 

X  VI  SFP  relative  velocity  -  ar  dlrectioa  (rad/a) 

X  V3  SFP  relative  velocity  -  atbeta  directioa  (rad/a) 

X  V3  SFP  relative  velocity  -  a3  directioa  (rad/a) 

X  VB  Valoclty/B-f laid  croaa  prodact  vector 

X  voltage  Total  voltage  re<ioirad  by  coatroller  (V) 

X  al  Bartb'a  aagalar  rotatloa  rate  -  ar  co^poaaat  (rad/a) 

X  o3  Eartb’a  aagalar  rotatloa  rate  -  atbeta  coapoaaat  (rad/a) 

X  b3  Eartb’a  aagalar  rotatloa  rate  -  a3  coa^aeat  (rad/a) 

X  Hapa  ASSET  array  effective  aldtb  (■) 

X  Weeat  Hldtb  of  coiled  coadactor  lategrated  traaa  (>) 

X  Veit  Vidtb  aad  depth  of  croaa  lategrated  traaa  (■) 

X  ae  Eartb’a  aagalar  rotatloa  rata  (rad/aac) 

X  alra  Diaaater  of  aiagla  coadactor  ia  ca 
X  Hbit  Hldtb  aad  depth  of  aala  lategrated  traaa  (■) 

X  Holt  Hldtb  aad  Depth  of  ortbogoaal  lategrated  traaa  (a) 

X  Hapa  Solar  dyaaalc  power  aodale  affective  vidtb  (a) 

X  Hta  Hldtb  aad  depth  of  aa^aatatloa  tbraator  aaaaablioa  (a) 

X  Hta  Hldtb  of  traaa  aakar  (a) 

X  r  Hatriz  coataiaiag  atate  vectora 

X  10  State  vector  iaitlal  coadltioaa 

X  zforcal  Badial  force  gaaarated  by  coadactor  Cl  (H) 

X  zforce3  Radial  force  gaaarated  by  coadactor  C3  (I) 

X  zforceS  Radial  force  geaeratad  by  coadactor  C3  (H> 

X  zforced  Radial  force  geaeratad  by  coadactor  C4  (!) 

X  y  Hatriz  coataiaiag  oatpata 

X  yforceS  la  path  force  geaeratad  by  coadactor  C3  (■) 

X  yforced  la  path  force  geaeratad  by  coadactor  C4  (1) 

X  yforceS  la  path  force  geaeratad  by  coadactor  CS  (I) 

X  zforcal  Oat  of  plaae  force  geaeratad  by  coadactor  Cl  (■} 

X  zforce3  Oat  of  plaae  force  gaaarated  by  coadactor  C3  (I) 

X  zforceS  Oat  of  plaae  force  geaeratad  by  coadactor  CS  (!) 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxnxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

disp(’  ’); 

dlap( ’Holcoae  to  the  Space  Fabricatloa  Platfom’); 
dlsp(’DasigB  Aaalysia  Prograa’); 
dlap<’  ’); 

format  abort  e 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Defiaa  Coastaats 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

a>6. 873040-11;  X  gravltatloaal  coaataat  (I*m~3/kg*3) 

Ha«S.976e34;  X  maaa  of  the  earth  (kg) 

raa8.378a08:  X  meaa  eqaatorlal  radiaa  of  earth  (■) 

oa>7.3931e-0S;  X  Eartb’a  Rotatloa  Rata  (rad/aec) 

RaS.OSalS;  X  magaetlc  dipole  aomaat  of  the  earth  (T) 

PblOB-78 .  S*pl/180 ;  X  Latltada  of  aaatral  al^la  aagnatic  polo  (rad) 
Laa0>lll*pi/180;  X  Loagltado  of  aaatral  ai^le  aagaatic  pole  (rad) 

CdB3.4;  X  SFP  Drag  Coafflciaat 

Adrag>143S;  X  SFP  Froatal  Area  (m'S) 

rboO^l .9160-11 ;  X  Air  Doaalty  at  Rofareace  Altitade  (kg/B*3) 
ha>S0043;  X  Scale  Height  (km) 

rraf*300;  X  Refaraaca  altitade  (km) 
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xtsxmxxmxnxxmxxxmsxuxxxxxmtxmuxmxxxmxxxxttxxxxtxxxxxxxxxxsxxsxx 

X 

X  Platfoza  OlBansioiui  and  Oparating  Raglaa 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Payload  Data 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Haxiana  alloaabla  SFP  payload  •  31,300  kg 
llpay*31300;  X  Payload  Haaa  (kg) 

LpayMO.SS;  X  Payload  Langth  (■) 

Rpay>4.206;  X  Payload  Radlaa  (■) 

disp( 'Payload  Rasa  (kg)  >  ') ; ,dlap(Rpay) ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Trnas  Makar  Maas  and  Siza 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Raziaoa  alloaabla  aaigkt  for  trass 
X  ukar  -  3000  kg 
X  Siza  >  SzlOz2  (blzb3zb3) 

Rt>>3000;  X  Trass  Makar  Mass  (kg) 

LtaalO;  X  Trass  Makar  Length  (a) 

Vtaa2;  X  Trass  Makar  Width  (■) 

HtaaS;  X  Trass  Makar  Haight  (a) 

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

X 

X  Rain  Integrated  Trass  Mass  and  Siza 
X 

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 
X  llloa  5000  kg  for  roaote  aanipolators 
X  Linear  density  >  20  kg/a  for  the  trass 
X  stmctora 

X  Alio*  2000  kg  for  ASSET  a<ialpaant 

Lait'SO;  X  Integrated  Trass  Length  (a) 

talt-2;  X  Main  Int  Trosa  Width  and  Depth  (a) 

niit>iSOOO  *  LaiteSO  *... 

2000;  X  Rain  Int  Tr  Rise  Weight  (kg) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxr 

X 

X  Assentation  Thmster  Asaeablies 
X  Mass  and  Size 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Alio*  1100  kg  for  aas**'t*'li**  thmster 
X  asseablies  and  associated  H/W,  pins  1000  kg 
X  for  fnel. 

Rta>1100  *  1000;  X  Thmster  Asseably  Ross  (kg) 

Hta>4;  X  Thmster  Asseably  Height  (a) 

Hta>2;  X  TA  Width  and  Depth  (a) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Cross  Integrated  Tmss  Mass  and  Size 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Alio*  12000  kg  for  alac  H/W 
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%  Llaaar  dwuity  >  20  kg/a  for  tko  tnua 
X  atmctnro 

LcltvaO;  X  Croaa  Istagxatad  Tmaaaa  Laagth  (ai) 

Wclt*2;  X  Croaa  lat  Traaa  Hidtk  and  Oapth  (a) 

RGltBLcit*20  *. . . 

12000;  X  Croaa  lat  Tr  Hiac  Haight  (kg) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Solar  Djaaaic  Poaar  Hodala  Data 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Alloa  6000  kg/aida  for  Hodala  H/H 
X  Lat  Hodala  c.a.  ba  4i  off  cantor  of  tmaa 
X  and  29  a  froa  caatarlina  of  SFP 

Hapa^OOOO;  X  Solar  dynaadc  Poaar  Hodala  Haaa  (kg) 

HapaFS;  X  Poaar  Hodala  Bffactiaa  Hldth  (a) 

BapaFlO;  X  Poaar  Hodala  Effactlaa  Hol^t  (a) 

hapatf»t;  X  Poaar  Hodala  c.a.  Haight  (a) 

lafaiF29:  X  Poaar  Hodala  Poaitlon  on  Traaa  (a) 

xxxxxxxxxxxxxxxxxxxxxxxxxxmxxxxxxxxxx 

X 

X  ASSET  Poaar  Arm;  Data 
X 

xxxxxxxxxxxxxxxxxxnxxxxxxxxxxxxxxxxxxx 

X  Alloa  2S00  kg/aida  for  Array  H/H 
X  Lat  Array  c.a.  ba  3a  off  cantor  of  traaa 
X  and  29  a  froa  contarlina  of  SFP 
Hapa^SSOO;  X  Array  Haaa  (kg) 

Hapa«2;  X  Array  Bffactiaa  Hidth  (a) 

Hapaa?;  X  Array  Effactlaa  Haight  (a) 

hapa>^;  X  Array  c.a.  Haight  (a) 

lapaF29;  X  Array  Poaitlon  on  Tmaa  (a) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Orthogonal  Intagratad  Tmaa  Haaa  and  Siaa 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Alloa  12000  kg  for  aiac  H/H 
X  Linaar  danalty  >  20  kg/a  for  tha  tmaa 
X  atmctnro 

Lolt>27;  X  Orthogonal  Intagratad  Tmaaaa  Longth  (a) 

Hoit>2;  X  Orthogonal  Intagratad  Tmaa  Hidth  and  Dopth  (a) 

HoltBLoit*20  +. . . 

0;  X  Orthogonal  Intagratad  Tmaa  Hiac  Haight  (kg) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Conductor  Hiro  Diaaator 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

Blra>2;  X  Hiro  Diaaotar  (ca) 

dl8p(’Tha  diaaotar  of  tha  conductor  ulra  (in  ca)  •  ’) ; ,di8p(ulra) ; 
dalraBuira/100;  X  Hira  diaaator  (a) 

mlra>Blra/200;  X  Hira  radiua  (a) 

araa>plaraira*2;  X  Hira  araa  (a~2) 

t8hiold>10.14;  X  Hatic  Shiald  thicknoaa  (m) 

diapCTha  Hatic  ahiald  thicknoaa  (na)  •  ’)  ;  ,dlap(t8hiold) ; 
tahiald-tahlald/1000 ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 
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X  Plktfoim  OaBigii  DiMnaloiia 
X 

xxxxxxxxxxxxxxxmxxxxxmxxxxxxxxxxxxx 

XXX  Coadnctor  1 

LC1-3E: 

nl>99: 

Ll-LCl«iil : 

dlspCLaagth  (LCD  of  Baia  conductor  toaor  Cl  (a)  >  *) :  ,diap(LCl) ; 
dlap( ’labor  of  tarns  in  conductors  Cl  ■  ’) ;  ,disp(nl); 

disp(’Tha  offoctlTo  total  length  (LI)  of  conductors  Cl  (>)  •  ’) ; ,dlsp(Ll) ; 

XXX  Conductor  3 
LC3>LC1 ; 
n3>Bl; 

L3-L1; 

disp( ’Length  (LC3)  of  nain  conductor  toner  C3  Os)  >  ’); ,dlsp(LC3) ; 
disp(’luater  of  turns  in  conductor  C3  >  ’ ) ; ,dlsp(n3) ; 

disp(’The  effoctlto  total  length  (L3)  of  conductors  C3  (si)  ••  ’) ;  ,disp(L3) ; 

XXX  Conductor  3 

LC3-36; 

n3>l; 

L3>LC3*n3i 

disp( ’Length  (LC3)  of  cross  conductor  toner  C3  (■)  >  ’); ,diap(LC3) ; 

diap(’luBber  of  turns  In  conductors  C3  •  ’) ; ,dlsp(tt3) ; 

disp(’Tha  effectlno  total  length  of  conductors  C3  (■)  ■  ’) ; ,disp(L3) ; 

XXX  Conductor  4 

LC4-LC3; 

n4>B3; 

L4XL3: 

diap( ’Length  (LC4)  of  nain  conductor  toner  C4  (■)  *  ’) ; ,dlsp(LC4) ; 
dlsp(’luBter  of  turns  in  conductor  C4  ■  ’) ;  ,dlsp(n4); 

disp(’The  effeetine  total  length  (L4)  of  conductors  C4  (n)  ■  ’) ; ,dlsp(L4) ; 

XXX  Conductor  6 
LC6-37; 
aS"31 ; 

L5~LC5*n6 i 

dlsp( ’Length  (LCS)  of  pole  conductor,  C6  (a)  >  ’);  ,disp(LCS); 

dlsp(’Iuaber  of  toms  in  conductor  C5  •  ’) ;  ,disp(a6); 

diap(’The  effective  total  length  of  conductor  C6  (a)  n  ’); ,disp(LS) ; 

XXX  Conductor  6 

r6nl.9; 

n6-137; 

Lsol6-caU(  (n6/10)  )  *0 . 03 ; 
if  n6<5, 

rsol6>(n6*0 . 03) /3 ; 

else 

rsolOnO.lO; 

end 

L6^6*3epi*(r6-rsol6) ; 

Bn6^6*pi*(r6~3) ; 

disp( ’Radius  (r6)  of  coiled  conductor  conductor,  C6  (a)  •  ’) ; ,di8p(r6) ; 
disp( ’Length  (LsolO)  of  colled  conductor,  C6  (a)  »  ’);,disp(Lsol6); 
diap( ’labor  of  toms  in  conductor  coiled  conductor  C6  •  ’) ;  ,disp(n6) ; 

XXX  Conductor  7 

r7«r6; 

n7*n6; 

Lsol7eLsol6; 

L7-La; 

maT^ma; 

dlspi’Radlns  (r7)  of  coiled  conductor  conductor,  C7  (a)  •  ’) ; ,disp(r7) ; 
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dlap( 'Length  (Lsol7)  of  coUwt  conductor,  CT  (■}  •  ’};  ,dlap(Laol7}; 
diapCInabar  of  tnma  in  conductor  coilod  conductor  C7  >  ’);  ,diap(n7); 

XXX  Conductor  8 

r8-1.9: 

n8>l; 

Laol8>coil( (n8/10) )*0 .02 : 
if  n8<S. 

raol8-(n8«0.02)/2i 

alaa 

raol8-0.10; 

and 

L8^8*2*pl*(r8-raol8) ; 

■aS>n8*pl*(r8*2) ; 

dlap(’Badlua  (r8)  of  collad  conductor  conductor,  C8  (a)  >  '); ,dlnp(r8) ; 
dinp( ’Length  (Laol8)  of  coilod  conductor,  C8  (■)  >  ’) ; ,diap(Laol8); 
diap( 'luaibor  of  tuma  in  conductor  coilod  conductor  C8  ■  *) ;  ,diap(n8) ; 

XXX  Conductor  9 

r9^8: 

n9^8; 

Laol9«Laol8: 

L9-L8: 

■u9^mi8; 

dlap(’Radlua  (r9)  of  coilod  conductor  conductor,  C9  (a)  ■  ’) ; ,diap(r9) ; 
diap( 'Length  (Laol9)  of  collad  conductor,  C9  (a)  >  ');  ,dlap(Laol9); 
diap(’loabor  of  tuma  in  conductor  coiled  conductor  C9  >  >);,diap(n9); 

XXX  Conductor  10 
rlO«l .9; 
nlO-497; 

LaollO-call ( (nl0/10))o0 .02 ; 
if  nlO<S, 

raoll0>(ul0o0.02)/2; 

olao 

raollO-0.10; 

end 

L10-nl0o2opi*<rl0-raoll0) ; 
aul0^10«plo(rl0*2) ; 

diap(’Radiua  (rlO)  of  coilod  conductor  conductor,  CIO  (a)  •  ’) ; ,diap(rlO) ; 
diap( 'Length  (LaollO)  of  coilod  conductor,  CIO  (a)  *  ’); ,diap(L8ollO) ; 
diap( 'luaibor  of  tuma  in  conductor  coilod  conductor  CIO  >  ’);  ,diap(nlO) ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Dotoxaine  Size  of  Coilod  Conductor  Support  Truaa 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

LccatoLaol6'fL8ol7oaax(  [2or8  2or  10]  ) + .  6 ; 

Hccatoaaz([2*r6  2or8  2orl0])'i'.5; 

KccatoLccat*40+. . . 

0;  X  Haaa  of  Coilod  Conductor  Int  Truaa  (hg) 

diapC  'Coiled  Conductor  Support  Tmaa  Length  (a)  ■  ') ;  ,diap(Lccat> ; 
diapC 'Coilod  Conductor  Support  Truaa  Width  and  Haight  (a)  ■  ’) ; ,diap(Hccat) ; 
diapC 'Coilod  Conductor  Support  Truaa  Haaa  (hg)  >  ’) ; .diapCHccat) ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Datexaino  Conductor  Linaar  Danaitiaa 
X  (Includea  Shlolding) 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

[pul  ,pal  ,dl]"«iredan(mira,al  ,tahiald) ; 

[pu2  ,p82,d2]>qilrodan(rniro  ,n2  ,tahlold) ; 

[pa3,p83,d3]^irodon(ruira  ,n3,t8hiold) ; 
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[p*4,ps4,d4]>wir«d*n(r«lx«,B4,tslti«ld) ; 
[psB ,pa6 ,d5]"«ix«daB(r«iT« ,n6 .tshiald) ; 

pacc^pi* ( n lx« ) *2*2 . 689««003 ; 


xxxmxxmxmmxxxxxmxuxxxYmxn 

X 

X  Calcnlat*  Maas  of  Tovars  and  Conductors 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 


Rcl>(2*psl*psl ) *LC1 ; 
Rc2-(2*pb2*ps2) *LC2 ; 


X  Condnctor  Cl  Rass 
X  Condnctor  C2  Rass 


Rc3b ( 2*ps3*ps3 ) oLCa ; 
Rc4>  (2*ps4*ps4)  aLCd : 


X  Conductor  C3  Rass 
X  Condnctor  C4  Rass 


Rc5»(2*ps5*ps6)*LCS; 


X  Condnctor  C6  Rass 


RcS^scc*I.6; 

Rc7>pncc*L7; 


X  Collad  Condnctor  C6  Rass 
X  Collad  Condnctor  C7  Rass 


Rc8^bcc*1>B; 

Rc9^bcc*L9; 


X  Collad  Condnctor  C8  Rass 
X  Collad  Condnctor  C9  Rass 


Rcl0^scc*L10; 


X  Collad  Condnctor  CIO  Rasa 


Rtot>Rpay*RtB*ltalt'i'2«Rta*. . . 

2*Rclt*2*RspB*2*Rapa*Rccst*Rolt* . . . 

Rcl*Rc2+Rc3«'Rc4'Hlc5*. . . 

Rc6*Rc7*Rc0*Rc»HIclO;  X  Total  Platfora  Rass  (kg) 


dlsp( ’Total  Platfon  Rass  ■  ’) ;  ,dlap(Rtot) ; 
dlsp(>  >); 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Platform  Romanta  of  Inart la 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 


Alios  3a  offsat  for  ca  of  ET  and  3a  offsat 
of  ca  of  tmss  aakar 
Oooaatrlc  Body  Approxiaatlon 
Payload 
Tmss  Rakor 
Rain  Intagratad  Tmss 
Tkmstar  Assaabllas 
Cross  Intagratad  Tmss 
Solar  Dynaalc  Calls 
ASSET  PoBsr  Arrays 
Condnctor  Cl 
Conductor  C2 
Condnctor  C3 
Conductor  C4 
Condnctor  CS 

Collad  Condnctor  Tmss  Aasaably 


Circular  Cylinder 
Ractangnlar  Prlsa 
Clrcnlar  Cylinder 
Ractangnlar  Prlsa 
Clrcnlar  Cylinder 
Tkln  Ractangnlar  Plato 
Thin  Ractangnlar  Plata 
Clrcnlar  Cylinder 
Clrcnlar  Cylinder 
Clrcnlar  Cylinder 
Clrcnlar  Cylijidar 
Clrcnlar  Cylinder 
Clrcnlar  Cylinder 


Ixx(l)>(Rpay/12)*(3*Bpay*2*Lpay~2)  *. . . 
I^ay*(3)*2; 

Ixx(2)-(Rtn/12)*(Wta*2*Lta‘2)  *.  . . 
Rtn*(3)*2; 

Ixx(3)>>(HBlt/12)*(3*(1iBit/2)*2*Lait'2)  +  0; 
Ixx(4)>2*((Rta/12)*(irta*2>Hta*2)  +. . . 

Rta*  (  (ljilt/2)*(irta/2)  )  *2) ; 


X  Payload 

X  Tmss  Rakor 
X  Rain  Integrated  Tmss 

X  Thmstar  Assoablios 
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lx*(6)"a*«l!cit/12)*(3*(¥cit/2)*a+Uit*a)  ♦. . . 

]lclt*((Vccat/2)-»acit/a))‘2) , 
In(6)-2*((Kapii/12)*(Wapa*2) 

Rapa«( (Hccat/a}>la;iO  *2) ; 
Ixz(7)-a*((R4a/12)*(Vai>a'2)  *... 

Hapa*((Hccat/2)'*-lapa)*2) ; 
Izx(8}-(Hoit/2)*(Voit*a)  '«■  0; 
Ixx(9)-a*«(Bcl)/24)*(3*<<ll/a)*2-»LCl-a)  ♦. . . 

Ncl*( (LCl/a) *2«(tait/2) ‘2) ) : 
I*x(10)-a*(«Hc2)/a4)*(3*(<ia/2)-2+LC2*2)  +. . . 

Hc2*(aC2/2)*2-»(1(Bit/2)‘2)) : 
Ixx<ll)-aa«(mc3)/a4)*(3*<d3/a)-2+LC3-a)  ♦. . . 
Hc3*(((Wccat/2)+aC3/2))*2> . .  . 
(Ilcit/a)‘2)); 

Ixx(ia)-2*(((Hc4}/a4)*(3«(<14/a)‘24'LC4*2)  *. . . 
Kc4*(((Vccat/2)>aC4/2))'-24-.  . . 
(Wcit/a)-a)): 

Ixx(13)-2*((aicS)/4)*(d6/2)*2  *  leS«(.7)*2): 

Ixx(14)-(Rccat/ia)*((3*Vccat/2)*2>Ucat‘2); 

t 

Iyy<l)"(lpay/a)*(Rpay*2)  ♦... 

Hpay*(Hta-0. 5>Rpay)'2 ; 
Iyy<2)«(Ht«/12)*(¥t»*2+Hta*2)  +... 
Mta«(HtB/2)*2: 

Iyy(3>-(IW.t/2)*(¥kit/2)~2  *... 

hlt*((¥U.t/2)-K).6)‘2; 
Iyy(4)-2*((Rta/12)*(Hta*2'i-¥ta*2)  +  0); 
Iyy(6)-2«((Rcit/12)*(3*(¥clt/2)*2+Lclt*2)  ♦. . . 

Rcit*((0.6+ttBlt+(¥ccat/2))~2-»'. . . 

a<:it/2)-2)): 

Iyy(6)-2*((Rai»/12)*(¥a;B*24'Ha{ai‘2}  *... 

RaFa*(0.6-Htalt>(¥ccat/a)-haFai)*24'. . . 
((¥ccat/2)-)-lai>B)*2); 

Iyy<7)«a*«R^a/12)*(¥apa-a+e4q»a*2)  +. . . 

Rapa«(0.5-HAalt+(¥ccat/2)'f]iapa)*2'f. . . 
((¥ccst/2)+lai»)'*2) ; 

Iyy(8)-2*«Roit/12)*<3*(¥oit/2)*2+Loit“2)  +. . . 

Roit*(0.5-Htalt+¥cc8t+(Loit/2}}*2); 
Iyy(9)-2*(((Rcl)/4)*(dl/2}*2  +... 

Rel*  <  <0 . 6+<¥Ut/2)  )  -a+(fcit/2)  -2)) ; 
Iyy<10)-2*<«Re2)/4)a<da/2)*2  +... 

Rc2*  (  (0 .  S^-CRBit/a)  }  *2><tait/2)*2))  ; 
Iyy<ll)-a*<«Rc3)/a4)*<3*(d3/a)'a+LC3*2)  +. . . 

Rc3*((0.S'Htailt'«’(¥ccat/2}}‘'2+. . . 

<  (¥ccat/2)'f(¥cit/2)  )  *2)  ) ; 
Iyy(12)-a«(((Rc4)/24)*(3«(d4/a)*2+ljC4''2)  +. . . 

Rc4*((0.6'Hbiit>(¥ccat/2))'2-». . . 

< (¥ccat/2)*(¥cit/2) ) -2) ) ; 
Iyy(13)-2*(((Rc5)/a4)*<3*(d6/2)*a+LC6-a)  +. . . 

ReS*(0.S'i’ltait>¥ccat'f(ljC6/2))*2} ; 
Iyy(14)a(Rccat/2}*(¥cc8t*2)  +... 

Rccat  •  (0 .  S>¥Ut'»(¥ccat/2)  )  *2 ; 

X 

Izz(l)~(Rpay/12)*(3*^ay*2>Lpay*2)  .  . 

Rpay* ( (Ht>-0 . 5*Rpay) *a+3'2) ; 
Izz(2}-(Rta/12)*(HtB*2+Lta*2}  +... 

Rta*(  (Hta/2)  *2+3*2) ; 

Izz(3)-(Rid.t/12}*(3«(1bat/2)*2+LiBlt*2)  +. . . 

hilt*( (¥Bit/2)+0 . S) *2 ; 
Izz(4)>2*((Rta/12)*(¥ta*2+Bta*2)  +. . . 

Rta*((LBit/2)+(¥ta/2))*2) ; 
Izz(S)-2*((Rclt/2}*(¥cit/2)*2  +. .  . 

Rcit*(0.5+ltait+(¥ccat/2))*2) ; 
Izz(6)-2*((R8pii/12)*H8pB*2  +.  . . 

Rapai*(0 .  S+Hkilt+(¥cc8t/2)-li8pB)*2} ; 


X  Croaa  latagratad  Traaa 

X  Solar  Dynaalc  Calla 

X  ASSET  Poaar  Azraya 
X  Orthogonal  Intogratod  Tmaa 

X  Condnctor  Cl 

X  Conductor  C2 

X  Condnctor  C3 

X  Condnctor  C4 
X  Condnctor  CB 

X  Coilad  Condnctor  Tmaa  Aaaaably 

X  Payload 

X  Tmaa  Rakar 

X  Rain  Intogratod  Tmaa 
X  Thmatar  Aaaaabliaa 

X  Croaa  Intagratad  Tmaa 

X  Solar  Dynaaic  Calla 

X  ASSET  Poaar  Arraya 
X  Orthogonal  Intagrated  Tmaa 
X  Condnctor  Cl 
X  Condnctor  C2 

X  Condnctor  C3 

X  Condnctor  C4 
X  Condnctor  CB 

X  Coilad  Condnctor  Tmaa  Aaaeably 

X  Payload 
X  Tmaa  Rakar 
X  Rain  Integrated  Tmaa 
X  Thmatar  Aaae^liaa 
X  Croaa  Integrated  Tmaa 
X  Solar  Dynaaic  Calla 
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Iu(7)-2*((H^pa/12)*Baii«*2  >. . . 

Mapa«(0.  S*telt'^(Vccat/2)'^hqia)*2) ; 
Iu(8)«2*((Hoit/12)*(3*(Wolt/2)*2«^Ult*2}  +. . . 

Hoit*(0.5'»1hilt'»Vccst«aolt/2))*2); 
Iss(9}-2*(((llcl)/24)*(3*(dl/2)*2+LCl‘2}  ♦. . . 

Hcl*  (  (I.Cl/2)  ‘2>  (0 . 6+(HBlt/2)  )  *2)  ) ; 
Iaa(10)-2*(((IIc2)/24)*(3*(d2/2)*24LC2*2)  +.  .  . 

Hc2*  (  (LC2/2)  *2'»(0 .  S+(1hit/2)  }  '2)  ) : 

Izz(ll)-2*((aic3)/4)*(d3/2)*2  ♦. . . 

Rc3*((0.5>1tait>(Hccat/2))*24. . . 

(Wcit/2)*2)); 

Izz(12)-2*(((]lc4)/4)*(d4/2)*2  *. . . 

Rc4*((0.S'Hhtlt>(Hccat/2))‘24'. . . 

(Wcit/2)-2))i 

Izz(13)-2*(((Rc5)/24)*(3*(d6/2)*24'LCS*2)  ♦. . . 

RcSaCO-S+Halt-fHccat-f  (LCS/2))*2) : 

Izz(14)-(Rccst/2)*(Wccat~2)  *... 

Rccat*(0 . 5+V>it>(Hccst/2) ) *2 ; 

xxxxxxxxxmxxtxxmmmmxmxmxx 

X 

X  Diaplaj  Prluclpla  Roaants  of  Inartia 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

i>sim(Izz) ; 

B-zmdyy); 

Osoadzz) ; 

disp(’Priaclpla  aoznat  of  iaortla,  1  -  z  dlroctioD  (kg-a*2) 
disp(i) ; 

dlap( ’Pzinclpla  BOBoat  of  iaortla,  B  -  y  dlractioa  <kg-B*2) 
dlap(B) ; 

dlspC’Priaclpla  BOBoat  of  laortia,  C  -  z  dlractioa  (kg-B*2)  ■*):,■■■ 
dispiC) ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Oat  orbital  roforoaco  iaforBatloa  froB  asar 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

altitado>400; 

disp(’lltitado  of  roforoaco  orbit  (ka)  >  ’) : .dispialtitndo) ; 
r0Bro4altitadoO1000;  X  orbital  radios  of  roforoaco  orbit  (b) 

Basqrt(aoRo/rO*3) ;  X  orbital  Boaa  Botioa  (roforoaco  orbit)  (rad/o) 

dlap( ’Orbital  Boaa  Botioa  (rad/o)  ■’); ,disp(a); 

aaoiapot(’Traa  taOBaly  (aa)  to  work  oith  (dag)  •  ’); 
aaoaaOpi/180;  X  Coazort  to  rad 

Thatagolapat(’Vliat  is  tho  oldoroal  tiBO  ?  ’); 

Tkatag>T1iatag*pi/180;  X  CooTort  Sidoroal  Tiao  to  rad 

iacl>iapat(’1ihat  is  tbs  orbit  iacllaatloa  ?  ’); 
iacloiaclopi/lSO;  X  Coazort  lacliaatioa  to  rad 

OBOgaoiapati’Wiat  is  tho  right  ascsasloa  of  tho  ascaadiag  aoda  •  ’); 
OBOgaoQBOgaopi/lSO ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Oat  roforoaco  cozBaad  iaforaatioa  froa  asor 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

disp( ’Bator  tho  roforoaco  cosaaad  data’); 
dolr— 60; 


X  ASSBT  Posar  Arrays 
X  Orthogoasl  latagratad  Trass 
X  Coadactor  Cl 
X  Coadactor  C2 

X  Coadactor  C3 

X  Coadactor  C4 
X  Coadactor  C6 

X  Coilod  Coadactor  Trass  Assaably 
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rdan^O; 

d«ls"0; 

pai-0; 

phi^O; 

tkata^O; 


dlspC’Hluit  la  tha 
dlspl’Hliat  la  tka 
dlapCVkat  la  tka 
dlapCHkat  la  tka 
dlapCHkat  la  tka 
dlap(’Hkat  la  tka 


aalna  of 
aalna  of 
Talna  of 
angle  ol 
angla  of 
anglo  of 


X  to  attain  and  track  (a) 
j  to  attain  and  track  (■) 
a  to  attain  and  track  (ai) 
jaa  to  attain  and  track  (dag) 
roll  to  attain  and  track  (dag) 


) ; ,dlap(dalr) ; 

) ; ,dlap(rdna) ; 

) : .dlap(dala) ; 
):,dlap(pal); 
>) ; ,dlap(pkl) ; 


pltck  to  attain  and  track  (dag)  ?  *) ; ,dlap(tkata) ; 


palapala(pl/180);  %  Conaart  dagraaa  to  radlana 
pklapkl*(pl/180) ;  X  Conaort  dagraaa  to  radlana 
tkataatkataa(pl/180) ;  X  Conaart  dagraaa  to  radlana 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Oat  Initial  condltlona  froa  naar 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

dlap(*  *) 

dlap(*Entar  tka  Initial  condition  data’); 


dalrO— 60; 

rdnnOaO; 

dalz(W>; 

palOaO; 

pklO-O; 

tkataOaO; 


dlap(’Wiat  la  tka 
dlap(’flkat  la  tka 
dlap(’ilkat  la  tka 
dlapCVkat  la  tka 
dlap(’Vkat  la  tka 
dlap(’niat  la  tka 


Initial  aalna 
Initial  aalna 
Initial  ralna 
Initial  ralna 
Initial  ralna 
Initial  aalna 


of  X  (a)  ?  ’) ; ,dlap(dalxO); 

of  7  (a)  ?  ’ ) : ,dlap(rdnnO) ; 

of  X  (a)  ?  ’) ; ,dlap(dalzO): 

of  tka  yaa  angla  (dag)  ?  ’) ; ,dlap(palO) ; 

of  tka  roll  angla  (dag)  ?  ’); ,dlap(pklO); 

of  tka  pltck  angla  (dag)  ?  ’) ; ,dlap(tkataO) ; 


pal0^al0a(pl/180) ;  X  Conrart  dagraaa  to  radlana 
pkl0«pkl0a(pl/180) ;  X  Conrort  dagraaa  to  radlana 
tkata0>tkata0a(pl/180) ;  X  Contort  dagraaa  to  radlana 


XO*CdolrO  0  rdnnO  0  dalzO  0  palO  0  pklO  0  tkotaO  0]’; 


XXXXXXXXXXXXXXXXV^XXXXXXXXXXXXXXXXXXXXX 

X 

X  Oat  tlaa  klatory  Information  from  naar 
X 

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

tmaz«6400; 

dlBp(’Hoa  long  of  a  tlm  raaponaa  to  plot  (a)  ?  ’) ; ,dlap(tmaz) ; 
ntlnc'SdO; 

dlap( ’lumbar  of  tima  Incramanta  (data  polnta)  ?  ’) ; ,dlap(ntlnc) ; 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Oanarata  rafaronca  coamand 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

taO: (tmaz/ntinc) :tnaz; 
tlangalangtk(t) ; 

razazoa(tlang,6) ;  Xconatmct  rafaranca  coamand 


r( : ,l)adalr*onaa(tlang,l) ; 
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r( :  ,3)>zdBii*0B«a(tla]ig,t) ; 
r( :  ,3)*d«ls*0Baa(tlaiig,l) ; 
r( ;  ,4)>pal*aiias(tlaiig,l) ; 
r( : ,6)Bphl*anas(tlasg,l) ; 
r(:  ,6)atkata*aiiaa(tlaiig,l); 

xxxnmxxmxxxxxtxxxmxxmmxxxxxx 

X 

X  Hlscallanaana  Calcnlatlans 
X 

xxxxxxxxxxxxxxxxxxnxxxxxxxxxxxxxxxxxxx 

alocas(PIilO)*(ca8(ini)*caa(aMga-Thatag-LaO)-. . . 

si&(nii)*caa(incl)aalii(aMga-Thatag-LaaO))'«'. . . 
sin(PhlO)  *8111(110)  aalaC  lad) ; 

B2'*ca8(PhlO)*(-8la(ao)*c88(OMga-Th*tag-LaaD)-. . . 

ca8(aa)*caa(lad)*ala(0Mg8-Th*tag-l.aa0))*'. . . 

8la(PhlO)*caa(ao)*ala(lad) ; 

B3*ca8(PlilO)*8la(lacl)*ala(QB*ga-TlMtag-LaaO)*ala(PlilO)*C8s(lad) ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Hlacallaaaaos  Drag  Calcolatlaaa 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

Bl>aa*8la(lad)*ala(BD)  ;  X  ar  caapaaaat 

o2*o**ala(lad)*caa(aa)  ;  X  athata  caapaaaat 

B3*8**cos(lad);  X  a3  ca^aaaat 

dal8q-83; 

14«-(<Cd**4rag*rlioO)/<J*Htat))***i><-<altltod*-rr**)/h8)*. . . 

(rO*aqrt (4*18*3*82*3) ) ;  X  Drag  Factar 

lSaa8(Kd*d*l8«(iO*4)«lltat)/(l(«B3*LS) ;  X  la-path  Drag  Tan 
tha*a(Kd*B3*iO*lltat)  ;  X  Oot-af-plaa*  Drag  Tana 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Sat  Up  Syataa  Hatrlcaa  F,a,H,J  (apaa-laap) 

X 

xxxxxxxxxxxxxxxxxxxxxxxmxxxxxxxxxxxxx 

X  Sjataa  latrlz,  F 

Fa;a-[0  1000000000  0; 

(3*a*3)  Id  (-(Id«d*lB))  (3*a)  (-(14*82))  0  0  0  0  0  0  0; 

00010000000  0; 

(Id*d*l8)  (-3*a)  0  (-Id)  (Id*8l)  0  0  0  0  0  0  0; 

00000100000  0; 

(14*83)  0  (-(ld*8l))  0  (-(a*3))  Id  0  0  0  0  0  0; 

00000001000  0; 

000000  (-(a*2)*(C-B)/*)  0  0  (-a*(-*-B*C)/i)  0  0; 

00000000010  0; 

0000  ((3*a*2)*(*-C)/(rO*B))  0  0  (-a*(I*B-C)/B)  ((4*a-2)*(*-C)/B)  000; 
000000000001; 

0  (3*a/(2*rO))  ((3*a*2)*(B-A)/(rO*C))  0  0  0  0  0  0  0  ((-3*a*2)*(B-*)/C)  0]; 

Xlapat  Matrix 

Qaya<>(l/z0*3)*([0  000000000  0; 

(-(R*B3*Ll)/IHat)  (-(l(*a3*U)/Htat)  ((H*a3*L3)/)ltat)  ((H*a3*L4)/Htat)  0  0  0  0  0  0  0; 
00000000000; 

0  0  ((3*M*al*L3)/l(tat)  ((2*R*al*M)/Rtat)  ((R*a3*L6)/Rtat)  0  0  0  0  0  0; 
0000000000  0; 

(-(3*R*al*Ll)/Rtat)  (-(2*R*al*L3)/Rtat)  0  0  (-(R*a3*L6)/Htat)  00000  ((rO*3)/Rtat) ; 
0000000000  0; 

(-(H*al*Ll*LCl)/I)  (H*al*L3*LC2)/i  (-(H*al*L3*LC3)/i)  (H*al*L4*LC4)/i  0  (-(R*a3*aae)/A) 
(-(R*a3*aa7)/1)  (R*a3*Bn8)/l  (R*a3*aa9)/I  0  0; 
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00000000000; 

0  0  (H*b2*L3*LC3}/(3*B}  (-(H*fi3*L4*LC4)/(2*B))  (-(R*a2*nS*(1teit-fHccst'fLC6/3)*LC5)/B)  0  0 
(3*H*Bl*m8}/B  (3*K*«lnra9)/B  (M*a3*ml0)/B  0; 

00000000000; 

(IIni3*Ll*LCl)/(3*C)  (-(H*b3*L3*LC3)/(3*C))  (-(3*H«ml*n3*(ltait-t'Vccat/3)*t3)/C)  .  .  . 
(-(3*H*«l*n4*(lhiit+Hccst/3)*L4)/C)  (-(M*B3*nS*(lhiit-H(ccst->^LC6/3)*LC6)/C)  .  .  . 
(-(3*ll*al*m6}/C)  (-(3*R*al*Bi7)/C}  0  0  (-(R*B3*nlO)/C)  0]); 


Xoatpnt  utrlx  (salacts  position*  and  attltnd*  anglaa  only) 

Hsya-[1  00000000000; 

001000000000; 

000010000000; 

000000100000; 

000000001000; 

00000000001  0]; 

Jsya>x*ros(6,ll) ;  Xno  fad-throngli  control  signals 

xxxxxxxxsxxxxxxxxxxtxxtxxtmxxxMxnsx 

X 

X  Clisck  Controllability  and  absorrabillty 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

Xtsst  controllability  and  obaarrabllity 
dispC  ’); 

Hcactrb(Fsys ,0sys) ; 
if  rank(Rc)”13, 

dlap(’Ths  (Fays, Osya)  systsa  is  coaplstsly  controllabla . ’ ) ; 

also 

dispCTha  (Fsys.Osys)  systaa  baa  nncontrollabla  aodss !  ’ )  ; 
and 

diapC  '); 

Roaobsa(Fsys,Baya) ; 
if  rank(Ro)aal3  , 

dispC’Tha  (Fays, Hays)  systaa  is  coaplataly  obsarrabla . >) ; 

alsa 

dlspC’Tba  (Faya, Hays)  systaa  has  nnobsarrabla  aodaa!’); 

and 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Dariaa  LQR  Coapansator  E 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Usar  antars  atata  and  control  signal  aaigbtings 
X  loraalizad  stats  sslgbting  aatriz 


qat-1 ; 

dispC’Vsi^ting  on  tbs  stats  aaigbting  aatriz  Q  •  ’) ;  .displqat) ; 
Xqstainpnt( ’Valgbtlng  on  tba  stata  aaigbting  aatriz  Q  ?  ’); 


l)»<lBt*([l  0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 


0000000000; 
000000; 
000000; 
000000; 
000000; 
000000; 
rO  0  0  0  0  0; 

0  rO  0  0  0  0; 

0  0  rO  0  0  0; 

0  0  0  rO  0  0; 

0  0  0  0  rO  0; 
00000  rO]); 
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r»t«l : 

disp( ’Weighting  on  tha  control  noightlng  matrix  R  ■  ’) ; ,disp(rst) ; 
Xr«t*lapnt( 'Volghting  on  tlio  control  aaightlng  natrix  R  ?  ’); 
RI*rnt*oya(ll) ;  X  Sat  np  control  aalghting  natrix 
RI(l;S,l:6)-laRI(l:6.1:S); 

Rl(ll.ll>~1000aRI(ll.ll);  X  Haaxll;  Panaliza  Usa  of  Thmstar 
K-lqr(Fajs,Oaya.q.RI); 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Darlxa  lon-sqnara  Pxa-filtar  Hpf 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

XUsa  optiaal  paando-inxarsa  to  find  Hpf 
Hpf •-plnx (Ha ja* inx (Faja-OayaaR) a^apa) ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Sat  Up  Cloaad-Loop  Hatrlcaa  F, 0,8,1 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

Fcl«Faya-OayaaI ; 

OclaOayaal^f ; 

Hclalaya ; 

Jclaxaroa(6) ; 

[y,x]alaln(Fcl,acl,Hcl,Jcl,r,t,XO) ;  Xontpnta  and  atataa 
[nB,nn]>alza(y) ; 
for  1*1 

for  jal :nn, 

if  aba(y<i,j))<ta-6, 
y(i,j)«0.0: 
and 
and 
and 

n>(Hpfar’-Eax’)  ’ ;  X  Control  xactor  inclndaa  10  corranta  and  1  thmatar 

for  lal:tlong, 

n(l,6)aa(l,S}ai5aa; 

n(l,ll)>n(i,ll}+tliaa; 

and 

[nBi,nn]>aiza(n) ; 
for  !•!  :b, 
for  j«l :nn, 

if  aba(a(l,j))<la-9, 
u(i, j)»0.0; 
and 
and 
and 

a>(0ayaan’) ’ ;  X  Accalarationa 
[BB,nn]aaiza(a) ; 
for  !•! laa, 
for  j«l;nn, 

if  nbo(a(i,j))<la-9, 
a(i,j)«0.0; 

and 

and 

and 

poaaaax(n) ; 
nag^in(n); 
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for 

if  abs(poa(l))>aba(a«g(i)) 

■azciir(i)>^s(l) ; 

also 

■azciix(l)>iMg(i) ; 
and 
and 

diap(>  >); 

diap( ’HaxlBOB  currant  ra<iairad  in  conductor  Cl  (i)>  ’) ;  .diap(nazcnr(l})  ; 
disp( ’Raxiana  currant  raqulrad  in  conductor  C2  (A)~  *); ,diap(aazcur(3)) ; 
diap( ’Rozlana  currant  raqulrad  in  conductor  C3  (A)~  ’):  .dlapbaazcurO)); 
diap( ’Raxiana  currant  raqulrad  in  conductor  C4  (A)*  ’);  ,diBp(aaxcur(4)) ; 
dlap( 'Raxiaua  currant  raqulrad  in  conductor  CS  (A)*  '); ,disp(aaxcur(5)) ; 
dlap( ’Raxiana  currant  raqulrad  in  conductor  06  (A)*  ’) ; ,disp(aaxcur(6)) ; 
disp( ’Raxiana  currant  raqulrad  in  conductor  C7  (A)~  *} ;  .dlapCaaxcurC?)}  ; 
diap( ’Raxiana  currant  raqulrad  in  conductor  C8  (A)*  ’) ;  .diapCaaxcurCS)) ; 
diap( ’Raxiana  currant  raqulrad  in  conductor  C9  (A)<*  ’ ) ;  .dispCaaxcui  (9)  ) ; 
disp( ’Raxiana  currant  raqulrad  in  conductor  CIO  (A)~  ’) ;  .diapCaaxcurdO)) ; 
disp( ’Raxiana  tlimat  raqulrad  in  thruatar  (■)•  *) ;  ,diap(naxcur(ll)) ; 
diap(’  ’); 

xf  or cala ( (- (R*a3aLl) )/ (r0~3) ) a(Baxcur (1 ) ) ; 
xf  or cola ( - ( 2aHaBl *L1 ) / (x0*3) ) a  (aaxcur (1 ) ) ; 
xf orca2> ( (- (H*B3aL2) )/ (x0*3) ) a(aaxcnr (2) ) ; 
3forca2*(-(2aR*al*L2)/(xO*3))a(aaxcnr(2)); 
xf  orca3>((RaB2*l3)/(xO''3)  )a(aaxcur(3)  ) ; 
yf  orca3a( (2aRaBlaL3) / (rO~3) ) * (aaxcnr (3) ) ; 
xf  orca4«(  (Raa2al>4)  /(xO*3)  )  a(Baxcux(4)  ) ; 
yf  orca4« ( (2aRaBlaL4) /(rO*3) ) a (naxcur (4) ) ; 
yf orcaS* ( (H*a3*LS} /(xO*3) ) a (aaxcnr (6) ) ; 

2forca6>(-(R«B2aL6)/(r0*3)}a(aaxcur(6)) ; 

diapC’  ’); 

dlap( ’Raxiana  radial  forco  in  conductor  Cl  (■)<■  ’) ;  ,diBp(xforcal) ; 
dlap( ’Raxiana  oop  forco  in  conductor  Cl  (■)>  *) ; .diapCxforcal) ; 
dlsp( ’Raxiana  radial  forco  in  conductor  C2  (■)•  ’) ; ,diap(xforca2) ; 
dlap( ’Raxiana  oop  forco  in  conductor  C2  (■)•  ’) ; ,diap(zforca2) ; 
diap( ’Raxiana  radial  forco  in  conductor  C3  (■)>  ’) ; ,diap(xforca3) ; 
diap( ’Raxiana  ip  latorol  forca  in  conductor  C3  (■)>  ’) ;  ,diap(yforca3) ; 
dlap( ’Raxiana  radial  forco  in  conductor  C4  (■)■  ’); ,diap(xforca4} ; 
diap( ’Raxiana  ip  latoral  forca  in  conductor  C4  (!)>  ’} ; ,dlap(yforca4); 
dlap( ’Raxiana  ip  latorol  forco  in  conductor  CS  (1)>  ’) ; .diapCyforcoS) ; 
diap( ’Raxiana  oop  forco  in  conductor  CS  (■}<•  ’);  ,diap(zforcaS)i 
diapC’  ’); 

di8p(’  ’); 

dlap(’Diatribntad  radial  forca  in  conductor  Cl  (■)>  ’) ; ,dlsp((l/LCl)*xforcal) ; 
dlapC ’Diatrltatod  oop  forco  in  conductor  Cl  (■)•  ’) ; ,di8p((l/LCl}*zforcal}; 
diapC’Diatrlbntod  radial  forca  in  conductor  C2  (R)^  ’) ; ,diap((l/LC2)*xforca2) ; 
diapC’Dlatributad  oop  forca  in  conductor  C2  (■)■  ’) ; ,diap((l/LC2}*2forca2) ; 
diap( ’Diatributod  radial  forca  in  conductor  C3  (■)•  ’) ; ,diBp((l/LC3)*xforca3}; 
dlapC ’Diatrlbntad  ip  latorol  forco  in  conductor  C3  (■)'  ’) ; ,diap((l/LC3)*yforca3} ; 
diapC ’Diatributod  radial  forca  in  conductor  C4  (I)*  ’); ,diBp((l/LC4)*xforco4); 
dlapC’Diatribntod  ip  lateral  force  in  conductor  C4  (I)**  ’) ; ,diap((l/LC4)*yforca4) ; 
diapC ’Diatributod  ip  lateral  force  in  conductor  CS  (■)*  ’} ;  ,diap((l/US}*yforcaS) ; 
diapC ’Diatributod  oop  force  in  conductor  CS  (■)•  ’) ; ,diap((l/LCS)*zforcaS) ; 
dlap(’  ’); 

blBoala(-(R*Bl*LlaLCl))  *  (aaxcur(l))  *  (l/(r0~3)); 
b3aoal-(R*B3*Ll*LCl)/(2)  *  (aaxcur(l)}  •  (l/(r0*3)); 
blaoa2"(R*Bl*L2aLC2)  •  (aaxcur(2))  *  (l/(rO*3)); 
b3aoB2-(-(HaB3*L2aLC2)/(2))  a  (naxcur(2))  a  (l/(r0*3)); 
blB0B3-(-(R*Bl*L3*LC3))  •  (Baxcur(3))  *  (l/(r0*3)); 
b2B0B3-(H*B2*L3*LC3)/(2)  *  (aaxcurO))  a  (l/(r0~3)); 
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b3>0B3>(-(a*H*Bl*ii3*(1Ailt'«'Vccst/2}*L3))  *  (bucotO))  •  (l/(r0~3)); 
blBoa4B(R«al«L4*LC4)  •  (■azcaT(4)>  *  (l/(r0*3)): 
b2Boa4>(-(M*Ba*L4*IjC4)/(3>)  *  (aazciir(4))  •  (l/(r0''3)); 
b3Mii4>(-(2*BWl*ii4*(ttilt't'Wccst/3}*L4)}  *  (Baxciir(4))  •  (l/(x0*3)): 
b2BOB6B(-(ll*a2*ii5«(1ta(lt'Hlccst'«'LC6/2)*LCS))  •  (BazciirCS))  •  (l/(r0*3)); 
b3w»i6B(-(R*B3*]iS*0hiit'Hlccst'*'LC6/2)*LCS))  •  (bbzciit(S))  *  (l/(r0~3)): 
blaoaB>(-(H*^*aa6))  •  (aazcnx(6))  •  (l/(r0*3)): 
b3B0M6»(-(2*II*Bl*aii6))  *  (■azcQr(6))  *  (l/(r0*3)): 
blBoa7>(-(H*B3*aa7))  •  (aazcitr(7))  *  (l/(r0*3)); 
b3Boa7>(-(2*R^l*m7))  *  (■axcnr(7))  •  (l/(r0''3)); 
blaaa8~(R««2*«a8)  *  (auccar(8))  •  (l/(z0*3)): 
b2Boa8*(2*R*Bl*aa8)  *  (BaxctirCS))  *  (l/<rO*3)); 
blB<»9B(R*B2*Ba9)  *  (BazcnrO})  •  (1/(t0~3)); 
b2Boa9B(2*R*Bl*BD9)  •  (■uccax(9))  •  (l/(r0*3)); 
b2«»ilO>(R*B3«BiilO)  *  (■azcnrdO))  •  (l/(r0''3)): 
b3BOBl0"(-(R*a2«Bal0))  *  (BaxcudO))  •  d/<xO*3)); 


diap(’Th«  BaxiBOB 
diapC’Tha  BaxiaoB 
diap( ’Tba  bbxIbbb 
dlsp(  'Tha  BaxlBDB 
diapCTha  BaxlBDB 
disp(’Tha  BaxlBDB 
dlspC’Th*  BaxlBDB 
dlap(’Th«  BaxlBDB 
dlap(’Th«  BaxlBDB 
dlap(  ’Th*  BaxlBDB 
dlsp( ’Th«  BaxlBDB 
dlap(’ThD  BaxlBDB 
dispC  ’Tba  bdxIbdb 
dlap(>Th«  BaxlBDB 
dlsp(’Th«  BaxlBDB 
dlsp(*Tb.D  BUXlBDB 
dlsp(  ’Th«  BaxlBDB 
diSpC  ’Th*  BaxlBDB 
dlsp(  >ThD  BaxlBDB 
dlap(’Th«  BaxlBDB 
dl8p(’Tb«  BaxlBDB 
dlsp(’Tb«  BaxlBDB 


Cl  torqaa  azoond  bl  (I-a) 
Cl  torqa*  azoDad  bl  (I-b) 
C2  tozqa«  azoand  bl  (I-b) 
C2  tozqoD  azoDnd  bl  (I-b) 
C3  tozqaa  azoDAd  bl  (I-b) 
C3  tozqaa  azoand  bl  (I-b) 
C3  tozqaa  azoand  bl  (I-a) 
C4  tozqno  azoand  bl  (I-a) 
C4  tozqaa  azoand  bl  (I-b) 
C4  tozqaa  azoand  bl  (R-b) 
C6  tozqaa  azoand  bl  (I-a) 
CS  tozqno  azonnd  bl  (I-a) 
C6  tozqno  azoand  bl  (I-a) 
C6  tozqaa  azoand  bl  (I~b) 
C7  tozqno  azoand  bl  (I-b) 
C7  tozqaa  azoand  bl  (I-b) 
C8  tozqaa  azoand  bl  <I-b) 
C8  tozqaa  azoand  bl  (I-a) 
C9  tozqno  azoand  bl  (I-b) 
C9  tozqaa  azoand  bl  (I-b) 
CIO  tozqaa  azoand  bl  (I-b) 
CIO  tozqaa  azoand  bl  (I-b) 


plot(t,(a(:  ,l)/d): 

titlo(’Condactoz  1  (Cl)  Cazzant') ; ,gzld; 

zlabaK’TlBo  (■)’); 

jlaboK’Cnzzant  (!}’); 

pzlnt  -dopa  clcozzant.ape; 

pansa; 


plot(t,(a(;,2)/l)}; 

titlaC’Condactoz  2  (C2)  Carzant*} i >gzld; 

zlabaK’TlBO  (a)>): 

jlaboK  ’Carzant  (1)  ’ } ; 

pzlnt  -dopa  c2cazzant . opa ; 

panaa ; 


plot(t,(a(: ,3)/!)); 

titlaC’Condactoz  3  (C3}  Cozzont’) ; ,gzld; 

xlaboK’TlBo  (a)’): 

jlabaK’Cnzzont  (A)’); 

pzlnt  -dopa  c3cazzant . apa ; 

panaa; 


plot(t,(a(; ,4)/!)); 

titlaC’Condactoz  4  (C4)  Carzant’) ; ,gzld; 
xlaboK’TlBO  (a)’); 
jlabal ( ’Cozzant  (A) ’ ) ; 


’) , ;diap(blBOBl) ; 

’) ,;dlap(b3B0Bl) ; 

’)  ,  ;diap(blB0B2) ; 

’) ,  :diap(b3B0B2) ; 

’) ,  ;dlap(blBaa3) ; 
’),:diap(b2Baa3); 

’) . ;diap(b3B0B3) ; 

’) ,  :dlap(blaoB4) ; 

’) ,  ;dinp(b2B0B4) ; 

’) .  ;diap(b3BOB4) ; 

’) ,  ;diap(b2B0B5) ; 
’),:dlap(b3taaBS); 

’) , :diap(blB0B6) ; 

’) ,  :diap(b3B0BS) ; 

’) ,  ;diapCblBMi7) ; 

*) , ;diap(b3B0B7) ; 

’) . :diap(blBoae) ; 

’) , :diap(b2BoaB) ; 

’) , :diap(blBoa0) ; 

’) ,  ;diap(b2B0BS) ; 

>  ’) ,  idiapCbAuBlO) ; 
>),:dlap(b3BaalO); 
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print  -daps  cdcnrrant.aps; 

pansa; 

plot(t,(a(: ,6)/!)) ; 

tltls( ’Conductor  6  (C5)  Currant’) ; .grid; 
rlabaK’Tin  (a)’); 
ylabaK ’Currant  (A)’); 
print  -daps  cScur rant. spa; 

pausa : 

plot(t.(n(: ,6)/!)); 

titla( ’Conductor  6  (C6)  Cur.  <nt’) ; .grid; 

slabaK’Tina  (s)>); 

ylaboK  ’Currant  (i)  ’ ) ; 

print  -daps  cdcurrant . aps ; 

pausa; 

plot(t.(u(;,7)/i)); 

titlaC ’Conductor  7  (C7)  Currant’) ; ,grid; 

rlabsK’Tlna  (s)’); 

ylabaK ’Currant  (A)’); 

print  -daps  c7currant.aps; 

pausa; 

plot(t,(u(: ,8)/!)) ; 

tltla( ’Conductor  8  (C8)  Currant ’); ,gr Id; 
zlabaK’Tinw  (a)’); 
ylabaK  ’Currant  (A)  ’) ; 
print  -daps  c8cnrrant . apa ; 

pausa; 

plot(t,(n<:>9)/l>): 

titla( ’Conductor  9  (C9)  Currant’) ; .grid; 

zlabaK’Tlna  (a)’); 

ylabaK ’Currant  (A)’); 

print  -daps  c9cur rant . spa ; 

pausa; 

plot<t.(u(:.10)/l)); 

titla( ’Conductor  10  (CIO)  Currant ’); ,grld; 

rlabaK’Tins  (s)’); 

ylabaK  ’Currant  (A)  ’ ) ; 

print  -daps  clOcurrant . aps ; 

pausa; 

plot(t ,u( : ,11)) ; 

titla( ’Z-Azls  Tbrust  Raquirad ’ ) ; .grid ; 

zlabaK’TinM  (s)’); 

ylabaK ’Thrust  (■)’); 

print  -daps  thrustrqd.sps; 

pausa; 

rho>2.665a-8; 

Rl^hoa(2*Ll/araa) ; 

R2arhoa(2*L2/araa) ; 

R3arhoa(2*L3/araa) ; 

E4arhoa(2*L4/araa) ; 

RSarhoa(2*L5/arsa) ; 

R6srhoa(L6/araa) ; 

R7»rhoa(L7/araa) ; 

R8Krhoa(L8/araa) ; 

R9arhoa(L9/araa) ; 

R10»rhoa(L10/araa) ; 

dlsp(>  ’); 
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diapCTha  raaiataac*  of  coadactor  Cl  (Ohaa)**  ’) ;  ,dlap(Kl) ; 
dlapCTha  raalataaca  of  condnctor  C2  (Oban)*  *) ;  ,diap(>a> ; 
dlapCTho  roalatanco  of  condnctor  C3  (0]iBa)>  >) ;  ,dlap(>3) ; 
dlapCTho  roalatanco  of  conductor  C4  (Ohaa)*  >);,dlap(M); 
diapC'Tba  roalatanco  of  conductor  C6  (Ohaa)«  ’) : ,dlap(KS); 
dlapC’Tho  roalatanco  of  conductor  C6  (Ohaa)*  >);  ,dlap(U>; 
dlapC’Tho  roalatanco  of  condnctor  C7  (Ohaa)o  >); ,dlop(K7); 
dlap(’Tha  roalatanco  of  condnctor  C8  (Oliaa)"  >);,dlop(U); 
dlap(’Tha  roalatanco  of  conductor  C9  (Ohna}>  ’) ; ,dlap(i9) ; 
dlap(’Tha  roalatanco  of  conductor  CIO  (Ohaa)*  *); ,dlap(ftlO); 
dlap(>  »): 

dlap( ’Total  Condnctor  laalatanco  (Obaa)  -  >} ;  .dlapdloia-fBS^^BdoRB-fRe+RT-fBSoROoSlO) ; 

Bl-(II/(rO*3))*2«al: 

B2-(M/(rO*3))o(-a2): 

B3-(H/<rO*3))*(-a3); 

LlTac-[0:Ll;0]: 

L2toc>[0;L2;0] ; 

L3toc-[0;0;L3] ; 

L4toc-[0;0;L4]: 

L6Tac-[L5:0;0]: 

for  I"! :langtb(t) , 

Vl-x(l,2)-dolu*x(l,3)-a2*x(1.6) ; 

V2>dala*(rOtz(l,l))  +  z(l,4)  +  b1«z(1,6): 

V3>ni2*(rO+z(l,l))  -  b1*z(1,3)  +  z(l,6); 

Ca(l,l)>coa(z(l,9))*coa(z(l,ll)) ; 

C0<1,2)— aln(z<l,ll)): 

C0(l,3)oaln(z(l,9))ocoa(z(l,ll)) ; 

C0(2,l)ocoa(z(i,9))*aln(z(l,ll))ocoa(z(l,7))  ala(z(l,9))*ain(z(l,7)); 

C0(2,2)>coa(z(l,tl))*coa(z(l,7)); 

C0(2,3)oaln(z(l,9))*aln(z(l,ll}}ocoa(z(l,7))  -  coa(z(l,9))*aln(z(l,7)) ; 
C0(3,l)»coa(z(l,9))*als(z(l,ll))*>ln(z(l,7))  -  oln(z(l,9))*coa(z(l,7)) ; 
C0(3,2)-coa(z(l,ll))oaln(z(1.7)}; 

Ca(3,3)-aln(z(l,9))*alu(z(l,ll})*aln(z(l,7))  o  coa(z(l,9})*coa(z(l,7)); 

VB>C(V2*B3-?3*B2)  (T3*B1-T1*B3)  (T1*B2-V2*B1)] ; 

LlVlnd(l}-YB*(CO*LlTac) ; 

L2Tlad(l)>VB*(C0*L2zac) ; 

L3Vlnd(l)>VB«(C0*L3Tac) ; 

L4Vlnd(l)>VB*(C0*L4Toc) ; 

LSVlnd(l}-VB«(C0oL6Tac) ; 

poal(l)-((aba(n(l.l)*LlTlad(l)))>(Rl*u(l.l}*2))/1000; 

poB2(l)-((ab8(n(1.2}*L2Tlnd(l)))-f(B2*n(1.2)*2))/1000; 

poB3(l)-((aba(u(1.3)*L3¥lnd(l)})+(R3ou(l,3)*2))/1000; 

poa4(l)>((ab8(n(l,4)*L4Vind(l)))+(R4*u(l,4)*2))/1000; 

poa6(l)>((aba(u(l,6)*L5Vlnd(l)))+(RS*n(l,S)~:.))/1000; 

poa6(l)-(R6*u(l,6)~2)/1000; 

poa7(l)-(R7*u(l,7>*2)/1000; 

pOB8(l)-(R8*u(l,8}*3)/1000; 

poa9( l)-(R9*n(l ,9) ~3)/1000 ; 

poulO ( 1) -(R10*n( 1 , 10) ~3) /lOOO ; 

totpoa(l)>ponl(l)-^poB2(l)+poa3(l}+pou4(l}'»poB6(l)+poa6(l)+. . . 

poa7(l)'fpoa8(l)-tpoa9(l)>poal0(l) ; 
Toltaga(l)Bab8(Rl*u(l,l))'«'ab8(R2*u(l,2}}'i'ab8(R3*n(l,3))'*’. . . 

ab8(R4*n(l,4)}'«’ab8(R5*u(l,5)}'’'ab8(R6*u(l,6})'t. . . 
aba(R7*n(l,7))'faba(R8*u(l,8))+ab8(R9*u(l,9))-tab8(R10*u(1.10)); 

ond 

dlapC’Tho  aazlana  poBor  roqnlrod  (kH)  »  ’);  ,dl8p(aaz(totpoB)}; 
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dlsp(*Th«  —xIto  voltag*  r«ialr«<t  (V)  ■  >) ;  ,diap(Mz(voltag*)): 

p«iis« 

xxxxmxxnxsxxxmsxmxxxtxnxmnummmmmxxmmn 

X 

X  Calculate  the  shield 'a  lunar  surface  taaparature  and  the 
X  conductor’s  core  taaparature. 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxmxxxxxmxxxnxxxxxxxxxxxxnmxx 

[Til  .TlOl-chktaapKaazcurd)  .LCl.nl.dl.tahlald) ; 

CT21  .T20]-chktaBpl(aazcur(2)  .IjC2.a2.d2.tahlald} ; 

[T31 .T30]-chktaBpl(Bazcur(3) .LC3.a3.d3.tahlald) ; 

[T41 ,T40l»chktaBpl(Bazcur(4) ,LC4,n4,d4,tahleld) ; 
[T61,TSO]ochktaapl(Bazcur(6) .LCB.nS.dS.tahleld); 
CT60]ochkte^p2(dulra,Bazcur(6) ,n6,x6,L6, Isold) ; 

[T70] ochkteap2(dslra .aazeur (7) ,n7 , r7 ,L7 ,Lsol7) ; 

[T80]  •clikteap2(dslro  .Bazeur  (8)  ,n8  ,r8  ,L8  ,Lsol8) ; 
l!T90]~chktaap2(dalre,aazcur(9)  ,n9,z9,L9,Laol9) ; 

[T100]»chkta^2(duire, aazeur  (10)  ,nl0.rlO,L10,LsollO); 

dlspC’Raz  allouod  shield  inner  surface  taaparature  (deg  C)  ■  1021’); 
diBp(’llaz  alloeed  conductor  bundle  core  taaparature  (dag  C)  •  438’); 
dlsp(”); 

dlsp( ’Conductor  Cl  shield  inner  surface  and  core’); 
diap(’  te^aratures:  Tl,  TO  (dag  C)  •  ’) ;  ,dlap(CTll  TIO]); 
dlsp(’  Safety  factors  -  ’) ; ,disp(C(1632/Tll)  (667/TlO)]); 
dlsp(”): 

dlsp( ’Conductor  C2  shield  inner  surface  and  core’); 
dlap(’  tesperaturaa:  Tl,  TO  (deg  C)  ■  ’) ; ,dlsp([T21  T20]); 
disp(’  Safety  factors  -  ’); ,disp(C(1632/T21)  (667/T20)}); 
disp(”); 

diap( ’Conductor  C3  shield  inner  surface  and  core’); 
diap(’  ta^eratures:  Tl,  TO  (deg  C)  >  ’) ; ,disp([T31  T30]); 
diap(’  Safety  factors  -  ’) ; ,dlsp([(1632/T31)  (667/T30)]); 
disp(”): 

dlsp( ’Conductor  C4  shield  inner  surface  and  core’); 
dlap(’  te^araturea:  Tl,  TO  (deg  C)  ■  ’);  ,dlsp([T41  T40]); 
disp(’  Safety  factors  -  ’) ; ,disp(C(1632/T41)  (667/T40)]); 
disp(”); 

disp( ’Conductor  C6  shield  inner  surface  and  core’); 
diap(’  taaparaturas:  Tl,  TO  (deg  C)  >•  ’) ;  ,disp([T51  T60]); 
disp(’  Safety  factors  -  ’) ; ,disp(C(lS32/T61)  (667/T50)]); 
dlsp(”); 

disp( ’Conductor  C6  coiled  conductor  core  tai^orature:  TO  (dag  C)  ■  ’); 
disp(T60) ; 

disp(’  Safety  factor  >  ’) ; ,dlsp(6S7/T60) ; 
dlsp(”); 

dlsp( ’Conductor  C7  colled  conductor  core  tei^erature;  TO  (dag  C)  ■  ’); 
disp(T70) ; 

disp(’  Safety  factor  •  ’) ; ,dlap(687/T70) ; 
disp(”); 

dlap( ’Conductor  C8  coiled  conductor  core  teaperatura:  TO  (dag  C)  >  ’); 
dlsp(T80); 

dlsp(’  Safety  factor  x  ’) ; ,disp(667/T80) ; 
disp(”); 

diBp( ’Conductor  C9  coiled  conductor  core  teqierature:  TO  (dag  C)  •  ’); 
diap(T90) ; 

dlap(’  Safety  factor  X  ’) ; ,dlsp(667/T90) ; 
disp(”); 

disp( ’Conductor  CIO  coiled  conductor  core  ta^eratura;  TO  (dag  C)  x  >) 
disp(TlOO) ; 

disp(’  Safety  factor  X  ’) ; ,dlsp(667/T100) ; 
plot(t,totpoB) ; 
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tltl«('Total  Poaar  KaqviradO : .grid; 

xlabalCTim  (s}>); 

rlabaK >Po««r  (k«)>): 

print  -d«pa  powar.apa; 

p«na«: 

plotit.Toltaga) ; 

tltlaCTotal  Voltaga  taqnlrad’) ;  .grid; 
xlabaK’Tina  (a)>): 
ylabaK’foltaga  (V)>): 
print  -dapa  Taltaga.apa; 

panaa ; 

plat(t,;(: .1)); 

titlaC'Rndial  Paaitian’): .grid; 
xlabaK’Tlna  (a)>); 
jlabaK’Paaitian  (a)0; 
print  -dapa  rpaaitian.apa; 

panaa; 

plat(t,y(:,2)); 

titla(’llang-Patb  Paaitian’) ; .grid; 
rlabal(>Tim  (a)>); 
ylabalC ’Paaitian  (a)  ’ )  ; 
print  -dapa  napaaitian.apa; 
panaa; 

plnt(t.y(:.3)); 

titla(’Ont-af-Plana  Paaitian’); .grid; 
rlabaK’Tiaa  (a)’); 
ylabaK ’Paaitian  W’); 
print  -dapa  xpaaitien.apa; 

panaa; 

plnt(y(;.2).y(:.l)); 

titla(’Alang-Patb  Paaitian  aa  Radial  Paaitian’); 

xlabaK’ilang-Patb  Paaitian  (a)’); 

ylabaK ’Radial  Paaitian  (a)’); 

print  -dapa  x_aa_y.apa; 

panaa; 

plnt(y(:,3),y(:.l)); 

titla(’Ont-af-Plana  Paaitian  aa  Radial  Paaitian’); 

xlabal(’Ont-af-Plana  Paaitian  (a)’); 

ylabaK ’Radial  Paaitian  (a)’); 

print  -dapa  x.aa.z.apa; 

panaa ; 

plnt(y(;,3).y(: .2)); 

titla(’Ont-af-Plana  Paaitian  tb  ilang-Path  Paaitian’); 

xlabaK ’Ont-ef -Plana  Paaitian  (a)’); 

ylabaK ’ilang-Path  Paaitian  (a)’); 

print  -dapa  y.aa.x.apa; 

panaa; 

plat(t.((180/pi)ay(; ,4))) ; 
titla(’Yan  Oriantatian’) ; .grid; 

XlabaK ’Tina  (a)’); 
ylabaK ’Oriantatian  (dag)’); 
print  -dapa  paler iant .apa; 
panaa; 

plot(t.((180/pi)ay(: ,5))) ; 
titlaC’Rall  Oriantatian’);. grid; 

XlabaK ’Tina  (a)’); 
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ylabcK’Drlantatlon  (d«g)’): 
print  -daps  phloriant . apa ; 

panaa; 

plot(t,((180/pl)ay(; ,0))) ; 
titlaC 'Pitch  Oriantation’) ; .grid; 
zlabaK'Tiaa  (a)’); 
jrlabaK'Oriaatation  (dag)*); 
print  -dapa  thataoriant .apa; 
panaa; 

diap(>  '); 

diap( 'Haziann  Tartical  (z)  forca  raqnirad  (!)  >  ’) ; ,diap(naz(aba(Htotaa(: ,2)))) ; , . . . 
diap(’RaziamB  horizontal  in-plana  (y)  forca  raqnirad  (■)  ■  *); ,diap(aaz(aba(Rtotaa(: ,4)))) ; , . . 
diap( 'Razianaa  horizontal  ont-of-plana  (z)  forca  raqnirad  (!)  •  ’) ; ,di8p(naz(aba(Rtot*a( : ,6)))) 
diapC’  '),... 

diap( 'Razinnn  nonant  abont  z  raqnirad  (1-n)  ■  *) ; ,diap(naz(ab8(iaa( : ,8)))) ; , . . . 
diap( 'Razinnn  nonant  abont  y  raqnirad  (I-n)  >  ') ; ,diap(naz(ab8(Baa( : ,10)))) ; , . . . 
diapC’Razinnn  nonant  abont  z  raqnirad  (I-n)  ■  ’) ;  ,disp(naz(abs(C*a( :  ,12)))) ; , . . . 
disp(>  '); 

plot(t,(Rtotaa(: ,2))); 

tltla( 'Forca  la  Radial  Oiractlon’) ; ,grid; 

zlabaK'Tina  (a)'); 

ylabaK  'Forca  (I) ')  ; 

print  -dapa  rforca.apa; 

panaa; 

plot (t , (Rtotaa( : ,4) ) ) ; 

tltla('Forca  in  Path  Dlraction');,grid; 

zlabaK'Tina  (a)'); 

ylabaK 'Forca  (I)'); 

print  -dapa  nnforca.apa; 

panaa; 

plot(t, (RtotaaC : ,6))) ; 

tltlaC’Forca  in  Ont-of-Plaaa  Diractlon') ; ,grld; 

ZlabaK'Tina  (a)*); 
ylabaK 'Forca  (1)'); 
print  -dapa  zforca.apa; 
panaa ; 

plot(t,(iaa(;,8))); 
tltla('bl-lzia  Ronant*) ; ,grid; 

ZlabaK'Tina  (a)'); 
ylabaK 'Ronant  (I-n)'); 
print  -dapa  blnonant .apa; 
panaa; 

plot (t , (Baa( : , 10) ) ) ; 
titlo('b2-izi8  Ronant') ; ,grld; 
zlabaK'Tina  (a)’); 
ylabaK 'Ronant  (B-n)'); 
print  -dapa  b2nonant .apa; 
panaa; 

plot(t,(Caa(:,12))); 
titla('b3-Azia  Ronant') ; ,grid; 

ZlabaK'Tina  (a)'); 
ylabaK 'Ronant  (I-n)'); 
print  -dapa  bSnonant .apa; 

xxxxxxxxxxxxxxxmxxxxxxxxsxxmxxxxxxummxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxnx 
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G.2  Wire  and  Shield  Determination  Program 

This  program  calls  several  subroutines  to  perform  specialized  tasks.  These 
tasks  include  calculating  the  size  and  linear  density  of  the  conductors  and  their  Netic 
shields,  calculating  the  Netic  and  core  temperatures  of  the  long  straight  conductors, 
and  calculating  the  core  temperatures  of  the  coiled  conductors.  The  following  is 
the  routine  which  determines  the  linear  density  of  the  conductor  cables  and  Netic 
shielding. 


xxuxsxxxxxxmmxxxmmxuxxmmmunnxmxxmmxxitxxxxtxxxmxxxxtxxx 

function  [pB,pa,Dl]>nlrod«n(r ,n,t) 

XWIBEDEI  Galcnlato  linoax  aaaa  dansity  for  conductor 
X  airoB  for  tha  Spaca  Fabrication  Platfom. 

X  [PH.PS,DI]-WIREDEI(R,I.T)  -  R  la  tha  radina  of  tha 

X  Indialdnal  aira  alaaants  in  natara;  1  ia  tha 

X  noMbar  tnma  of  tha  condnctor;  T  ia  tha  thicknaaa 

X  of  tha  Ratlc  ahlald;  PV  ia  tha  linaar  ia  tha 

X  naaa  danalty  of  nnahialdod  aira  in  kg/a; 

X  PS  linaar  aaaa  danaity  of  nnahialdod  aira  in 

X  kg/a;  in  tha  diaaatar  of  tha  aira  bandla. 

X  Tha  linaar  aaaa  danaity  of  a  ahialdad 

X  aira  inclndaa  tha  aaaa  of  6.0  aai  of  ahioldlng. 

X  Calcnlata  Danaity  of  Hlra  ilono 

laapia(r)*2: 
paaiaanaS .OOSatOOS ; 

X  Calcnlata  Danaity  of  Shlald 

dajar; 


if  (n>0  R  n<-l)  , 

Di-d; 

alaalf  (n>l  R  n<>7) 
Di-3ad; 

alaaif  (n>7  R  n<-13) 
Di-4.46ad; 

alaaif  (n>13  R  n<-19) 
Di-Sad; 

alaaif  (n>19  R  n<a31} 
Di-6.29ad; 

alaaif  (n>31  R  n<a37) 
Di-7ad; 

alaaif  (n>37  R  n<«43) 
Di-7.93ad; 

alaaif  (n>43  R  nOBS) 
Di-8.21ad; 

alaaif  (n>56  R  n<a61} 
Dia9ad; 

alaaif  (n>61  R  n<-73) 
Dl-9.72ad: 

alaaif  (n>73  R  n<-86) 
Di-10.17ad; 

alaaif  (n>85  R  n<-91} 
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•Isaif  (ii>91  *  ii<-97) 
Dl-11.39«<i; 

•Isaif  (b>97  •  ii<-109) 

01-11. 6a«<l; 

•ls«lt  (ii>109  •  b<-121) 
01-12. 14*<l: 

•laalf  (ii>121  9  b<-127) 
01-13-d: 

elsalf  (n>137  t  b<-139) 


01-13. 17*<1; 
•laalf  (b>139 
01-13. 49*d; 
•lB«lf  (b>1S1 
01-14. ll*d: 
•lB«lf  (b>103 
01-14.86*4; 
•Isalf  (b>169 
01-15*4: 
•lB*lf  (b>187 
01-16.42*4; 
•laalf  (b>199 
01-18.10*4; 
•laalf  (b>211 
01-18.82*4; 
•laalf  (a>223 
01-18.87*4; 
•la*lf  (b>23S 
01-17*4; 
•laalf  (b>241 
01-17.37*4; 
•la* If  (b>2S3 
01-18.09*4; 
•la«lf  (b>2«6 
01-18.32*4; 
•laalf  (b>271 
01-18.44*4; 
•laalf  (b>283 
01-18.78*4; 
•laalf  (b>29S 


B<-1S1} 

b<-183) 

b<-169) 

b<-187) 

b<-199) 

b<-211) 

b<-223) 

b<-236) 

b<-241) 

b<-2S3} 

a<-26S) 

b<-271) 

b<-283) 

b<-296) 

b<-301) 


01-19*4; 

•laalf  (b>301  8  b<-313) 

01-19.33*4; 

•laalf  (b<0  I  b>313) 

•rror(’D*Baltj  calcBlatloB  for  •  of  tBXB*  la  BBd*flB«4’): 


•b4 


ia-pl*((01*(2*t})/2}'2  -  pl*(01/2)'2; 
pa-7 . 88«*003*la ; 

mxxmxxxxxxxxxxxxxxxmxxtnxxxmxnuxxxnmuxxxnmxxxxxxtmxxxxxxxxxxxx 


G.3  Straight  Conductor  Temperatures  Program 

The  following  routine  determines  the  temperature  of  the  Netic  shields  and  the 
core  temperatures  of  the  long  straight  conductors. 
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xxxnxxunxxmxsmunmnxxxxxxmsmnmxxxmxmxmtuxnuxxmxmxxx 

function  CTl,TO]«ckkt«^^l(l,L,n,d,t) 

X  Kontlno  to  chock  to  tho  tonporntoroa  of 
X  inner  snrfaco  of  tho  lotic  shield  for 
X  SFP  and  tho  core  of  tho  conductor  bnndlo. 

X  CTl.TO]-chktoq>(i,L.n.d,t) 

X  Tho  enrront ,  i  (A) ,  tho  length 
X  of  tho  conductor,  L  (■),  tho  noAor  of 
X  individual  conductors  in  tho  bundle,  n, 

X  tho  diaswtor  of  tho  conductor  bnndlo,  d  (a), 

X  and  tho  thickness  of  tho  shield  are  paasod  as 
X  inputs.  The  shield’s  inner  surface 
X  to^oraturo,  T1  (dog  C),  and  tho  conductor 
X  bundle’s  core  te^Mratnro,  T3  (dag  C),  are 
X  returned. 

ks84a-06;  X  Rasistanca  of  2cn  aluainna  sire  (ohas/a) 

Tlnf>288:  X  Taaparatura  of  free  space  (dag  1) 

sigaa^S. 6690-08;  X  Steffan-Boltzaan  constant  (H/(a  dog  D) 
kahiold*49.41;  X  Shield  thamal  conductivity  (H/(a  deg  C)) 
kcabla».20;  X  Asbestos  tharaal  conductivity  (il/(a  deg  O) 

X  Iota;  tho  conductor  is  aodalod  as  solid  aabastoa  to 
X  asaass  the  oorat  case  core  taaparatura. 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Calculate  tho  heat  transfer  rate,  q 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

qa(i"2)  0  (R)  o  (L)  •  (n>; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxm 

X 

X  Calculate  the  required  surface  teaperatura,  T3 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Calculate  surface  area 
A2-2  *  pi  *  ((d/2)+t)  •  (L); 

X  Calculate  T2 

T2- ( (q/ (sigaa*A2} ) +Tlnf *4) " ( . 26) ; 

X  Convert  to  Celsius 
T2-T2-273; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Calculate  the  required  shield  inner  surface 
X  tenperature ,  T1 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

Tl-((q*((l/(d/2))-(l/((d/2)+t))))/(4epi*kshield))  +  T2; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Calculate  the  required  conductor  bundle  core 
X  tenperature ,  TO 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

T0-((q/(pi*L))/(4»kcable))  +  Tl; 
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sxxxtxxxummxxxxxxxxxtxxxxxxxxsxxmtxxxxxmxxxxxtxtnxmxnxxxxtxmxmxxt 


G.4  Coiled  Conductor  Temperature  Program 

The  following  routine  dcteimines  the  core  temperatures  of  the  coiled  conduc¬ 
tors. 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

function  [T0]>c)ikt«a92(d.i,n,r,I.c,La) 

X  Rontino  to  chock  to  tho  cor#  ta^>oratTiroa  of 
X  collod  nttltndo  control  oloaonts. 

X  [T0]ochkt<i^3(d,i,n,r,Lc,Ls) 

X  Tho  oiro  diaaotor,  d  (■) ,  tho  enrront,  1  (A), 

X  tho  nnabor  tnma  in  tho  coil,  n,  tho  radios 
X  of  tho  coil,  r  (>),  tho  longth  of  tho 
X  condnetor,  Lc  (a),  and  tho  longth  of  tho  coil 
X  onit ,  La  (a) ,  aro  passod  as  inputs .  Tho  coil 
X  conductor’s  coro  toiq>aratoro ,  TO  (dag  C),  is 
X  rotumad . 

Ro84a-06;  X  Roslstanco  of  3ca  alnalnoa  slro  (ohaa/a) 

TinfaRSS,-  X  Torpor aturo  of  fraa  apaco  (dog  1) 

si(pu>S.669a-08;  X  Stoffan-Boltzaan  constant  (V/(m  dog  I)) 
kol.4;  X  Blactrlcally  insulatod  alnalnoa 

X  thoraal  conduct  irit;  (V/(a  dog  O) 

X  Iota;  tho  conductor  is  aodolod  as  conducting  aubstancs 
X  uith  loo  thoraal  conductlrlty  to  assaaa  tho  worst 

X  caso  coro  toaporatnra. 

if  n<10, 
t«n*d; 

also 

t-.2; 
and 

rlwr-t ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Calculata  tho  host  transfox  rata,  q 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

q-(i-3)  •  (R)  •  (Lc); 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Calculata  tho  raquirad  surfaco  taq)aratnra,  Ts 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Calculata  surfaco  araa 
A2>3  *  pi  *  (r)  *  (Ls) ; 

Al>3  *  pi  *  (rl)  •  (Ls) ; 
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X  Coxroct  fox  nuabor  of  turns 

X  Aasuao  10  layors  of  windings 


W1  *  A3; 


X  Calcnlat*  Ta 

Ta«((q/(alt^*A))'*'Tiiif*4)*(.36) ; 

X  Convart  to  colaiaa 
Ta-Ta-273; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Calcolato  tha  raqalrad  cora  taaparatnra,  TO 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Calcalata  qdot 
qdot“q/(pia(r*2-rl*2)*La) ; 

X  Calcnlata  conataata  Cl  aod  C2 
Cl"- (qdota<r*2-rl *2) )/ (4akalog(rl/r) ) ; 

C3"Ta  +  (qdot/(4ak))arl*3  -  Clalog(rl); 

TO«-<<qdot/<4ak»a«r+tl)/2)*2)  +  Clal.og((r>Tl)/3)  *  C2: 

X  Corract  for  aoMarical  arrora  raaaltiag  la  taaparataraa 
X  thaa  Tlaf . 

if  T0<Tlaf-273. 

TO-Tiaf-273; 

dlap( ’Error  trap  la  CHITEIIP2’) 
aad 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxrxxxxxxxxxxxxxxxxxxxxxxxxxxxx 


All  other  routines  called  are  standard  MATLAB  routines  (65). 


G.5  Orbit  History  Design  Programs 

As  the  design  process  evolved,  using  the  time-history  design  program  to  deter¬ 
mine  and  evaluate  modifications  to  the  SFP  design  was  found  to  be  cumbersome. 
A  recursive  routine  was  developed  to  repeatedly  call  a  modified  version  of  the  time- 
history  design  program  to  determine  and  evaluate  design  modifications  at  numerous 
points  in  an  orbit.  This  new  routine  —  the  orbit- history  design  program  —  simulates 
the  SFP  moving  in  an  orbit  and  is  used  to  determine  the  necessary  gain  scheduling 
for  the  controller.  To  modify  the  time-history  design  program,  all  of  the  output  state¬ 
ments  were  stripped  out  of  the  routine  and  it  was  converted  to  a  function.  The  driver 
program  is  used  to  pass  in  all  orbit,  position,  and  orientation  information.  Using 
loops,  various  parameters  can  be  changed  to  simulate  the  SFP’s  movement  through 
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orbit.  The  user  manually  sets  the  desired  parameters  within  the  driver  program  and 
then  starts  the  driver.  The  inputs  and  outputs  can  be  changed  to  study  how  various 
outputs  change  over  the  course  of  an  orbit.  The  orbit-history  design  program  is 
not  really  concerned  with  determining  the  stability  of  a  particular  design  —  that  is 
the  function  of  the  time-history  design  program.  The  orbit-nistory  design  program 
is  used  to  study  how  parameters  such  as  individual  conductor  currents,  conductor 
temperatures,  power  requiremeiits,  and  thrust  of  the  augmentation  thrusters  change 
for  changes  in  the  position  of  the  SFP  relative  to  the  orbit.  The  driver  program  for 
this  recursive  calling  to  the  design  tool  follows: 


xxxxxstxummxmtmxtxxtxxxxmnmmmmxmmmxxxxxtxxxmmtxttnx 

dear  daschk  aaxP; 


inpntB(l)>-60; 

lnpata(3)^; 

i]ipata(3}«0; 

Input a (4) >0; 

inpnta(S)aO; 

inpota(6)>0; 

input a ( 7) *-60 ; 

lnpnta(8)*0; 

inputa(9}*0; 

inpata(10)*0; 

lnputa(ll)*0; 

lnputa(13)*0; 

lnpnta(13}*0; 

inpata(14}*0; 

inputa(15}*0; 

input a ( 16)*38 . 5 ; 

inputa(17)*400; 


X  Coaaundad  Radial  Poaition  (rx) 

X  Coaaandad  Orbit  Path  Poaition  (ry) 

X  CoBBandad  Out-of-Plana  Poaition  (rz) 

X  CoHumdad  Yaa  Ingla  (pai) 

X  Coundad  Roll  ingla  (phi) 

X  Co—andad  Pitch  ingla  (thata) 

X  Initial  Radial  Poaition  (zO) 

X  Initial  Orbit  Path  Poaition  (jO) 

X  Initial  Out-of-Plana  Poaition  (zO) 

X  Initial  Yaa  ingla  (pa 10) 

X  Initial  Roll  ingla  (phiO) 

X  Initial  Pitch  ingla  (thataO) 

X  Trua  inoaalj  (nu) 

X  Right  iacanaion  of  iacandlng  loda  (Oaaga) 
X  Sidaraal  Tiaa  (Thatag) 

X  Inclination  (incl) 

X  Orbital  iltltnda 


G*6.67304a-ll; 

Ma*5.976e34; 

ra*6.378a06; 

uo-7.3931a-05; 

rO“r 0+ input a ( 1 7) *1000 ; 

no*aqrt(a*Ra/r0~3) ; 


X  Uniaaraal  Oraaitatlonal  Conatant  (■•■~3/kg'3) 
X  Haaa  of  tha  aarth  (kg) 

X  Haan  aquatorial  radiua  of  aarth  (a) 

X  ingular  Valocitj  of  tha  Earth  (rad/a) 

X  orbital  radiua  of  rafaranca  orbit  (a) 

X  orbital  aaan  notion  (rafaranca  orbit) 


X  Changa  Inclination 
Xatartincl*0; 

Xatopincl=80; 

Xatapincl*! ; 

Xatapal*((atopincl-atartincl)/atopincl)>l ; 


Xf or  1*1 : atepal 


Xincl“(i-l)*Btapincl+at art  incl 


Xlnputa(16)*incl; 

X  Changa  Trua  inosaly  and  Sidaraal  Tina 
X8tartnn*0; 


G-.31 


Xatopmu^MOO; 

tat«pna«60; 

tatartna>3000; 

tatopint>3000; 

Xatapaa^SO; 

atartna>2300; 

atopan*2660: 

atapna>10; 

Xatarti»i"23S0; 

Xatopna>2400; 

Xatapna»B ; 

atepa2>call(  (8topna-atartiia)/atapiia)'i'l ; 
ataxtThg>(atartini)*(na/no) 

for  j>l:atapa2 

iia>(  j-1 )  aatapnn+atartna 

That  ag>  (  j  -1 )  •  (atapmi*  (na/no)  )  -fat  axtThg 

lnpnta(13}>iiii; 

iiipata(lS}>'Thatag; 

buzcnz.taa^.aazpoB.Htot  ,Mazforca,aazBOH,tTa<i]>daaclik3(inpata) ; 

da8chk(  j ,  :)>[na  BaxciiT  Bazpoa  taap]  ; 
daaadatC  j , :  )>[Bazforca  BazBoaC] ; 

tahiald(j)>traq; 

and  X  End  j  loop 

Xand  X  End  1  loop 

plot(da8chk( :  ,1)  ,doacl>k(;  ,13)) , grid, tltla( ’Total  Poaar’) ; 

Xprlnt  totpoa 
panaa 

plot(daaclik( :  ,1) ,daaclik(;  ,2:12))  .grid, titlaC’Condactor  Cozranta’); 

Xprlnt  condcnr 
panaa 

plot(da8Clik(:  ,l),daaclik(:  ,19:28))  .grid, titlaC’Haz  Taapa’); 
panaa 

Xplot(da8clik(;  ,1)  ,da8chk( :  ,19:28))  ,grid,tltla(’Cora  Taapa’) ; 

Xprlnt  condtaap 
Xpanaa 

Xplot(daac)ik(:  ,1)  ,daaclik( :  ,29:38))  ,grld,tltla(>Condnctor  Poaar’)  ; 

Xpanaa 

XBaz(aba(da8chk( : ,14:28))) 

a-[l:ll  1  1:5  1:10]; 

[Y ,  I] -uz<ab8 (daacbkC : ,  2 : 28)  )  ) ; 

[n»  Y’  I’] 

Htot 

tBaz>>az(tahlald) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 


The  design  tool  in  its  function  form  follows: 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

f nnct  Ion  [Bazcnr  ,Baztaiq>8  ,uzpoB  ,l(tot  ,Bazf orca  ,aazaaB, traq]  adaachkS ( In) 
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mmnmxxmxmxxtxnnxmxxmxx 

X 

X  Braakont  lapot  Data 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

rx^iaCl) ; 
ry>in(3) ; 

Ta»ln(3) ; 
rp8il"iii(4) ; 
rpal2«ln(5) ; 
rpsl3aln(6) ; 
x0«ln(7) ; 
y0>lii(8) ; 
zO^inO) ; 
psil0>in(10) ; 
pai20*in(ll) : 
p8i30Bin(12) ; 
na^ladS) ; 
aMga>ln(14)  ; 

Tliatag>iii(16) ; 
lncl>ln(16) ; 
altituda-indr) : 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Dafina  Coaatanta 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

a^.67204a-ll;  X  Oniaaraal  OraTltatlonal  Constaat  (B*s*2/kg'2) 

Haa6.976a24;  X  Hasa  of  tha  aazth  (kg) 

ra«6.378a06;  X  Maan  aqnatorial  radios  of  oartk  (■) 

«a*'7.2921a-06;  X  Barth’s  Rotation  Bata  (rad/sac) 


HaB.OSalS;  X  Hagnatlc  dlpola  nonant  of  tha  aarth  (T  ■*3) 

Phl0a-78.Sapi/l80;  X  Latitoda  of  aostral  si^la  nagnatlc  polo  (rad) 
LaB0>lliapl/i8O;  X  Longitoda  of  aostral  si^la  aagnotic  polo  (rad) 


Cd-2.4; 
ldrag>t43S; 
rhoO-1 .916a-ll ; 
hs>60043; 
rref^SOO; 


X  SFP  Drag  Coafflclont 
X  SFP  Frontal  iraa  (a*2) 

X  Air  Donsity  at  Rafaranca  Altitoda  (kg/a*3) 
X  Scalo  Haight  (ka) 

X  Rafaranca  altitoda  (ka) 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Platfoza  Diaonsions  and  Oparatlng  Ragiaa 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxmxxxxxxxxxxxxxxxxxxxxxxxxx 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Payload  Data 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Raziatna  allooabla  SFP  payload  ■  31 ,300  kg 
Rpar^31300; 

Lpay>46.88;  X  Payload  langth  (a) 

Rpay>4.206;  X  Payload  radios  (a) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Tmss  Makar  Mass  and  Slza 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
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X  Raxiaui  allowabl*  walgkt  for  traaa 
X  Mkor  -  3000  kg 
X  Sisa  -  6zl0z3  (blzb3zl>3) 
lltii-3000: 

LtBFlO;  X  Loogtb  of  Tmao  Rakor  ■  10  ■ 

Vtw-2;  X  Width  of  Tmaa  Rakor  -3b 
HtaoS;  X  Haight  of  Traaa  Rakor  -  6  a 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Raia  Intagratad  Traaa  Raaa  aad  aiza 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Alloa  5000  kg  for  raaota  Banipiilatoro 
X  Liaoar  daaaitj  -  20  kg/a  for  tha  traaa 
X  atractnra 

X  Alloa  3000  kg  for  ASSET  a<ialpBaat 
Lait-60;  X  Laagth  of  latagratad  Traaa  (a) 

Hhiit-2:  X  Width  aad  Dapth  of  Raia  lat  Traaa  (a) 

nait-SOOO  +  LaitaSO  +. . . 

2000;  X  Riac  aaight  of  Raia  lat  Tr  (kg) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  An^Matatioa  Thraatar  Aaaaabliaa 
X  Raaa  aad  Siza 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxn 

X  Alloa  1100  kg  for  angaaatatioa  thraatar 
X  aaaaabliaa  aad  aaaociatad  H/W,  plaa  1000  kg 
X  for  faal. 

Rta-1100  ♦  1000;  X  Raaa  of  Thraatara  (kg) 

Hta-4;  X  Haight  of  Thraatar  Aaaaably  (a) 

Wta-2;  X  Width  aad  Dapth  of  TA  (a) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Croaa  latagratad  Traaa  Raaa  aad  aiza 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Alloa  12000  kg  for  aiac  H/W 
X  Llaoar  daaaitj  -  20  kg/a  for  tha  traaa 
X  atractora 

Lcit-30;  X  Laagth  of  Croaa  latagratad  Troaaaa  (a) 

Wcit-3;  X  Width  aad  Dapth  of  Croaa  lat  Traaa  (a) 

Rclt-Lcita30  ♦. . . 

13000;  X  Riac  aaight  of  Croaa  lat  Tr  (kg) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Solar  djaaaic  Poaor  Rodola  Raaa  aad  Siza 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Alloa  6000  kg/aldo  for  call  H/W 
X  Lat  call  CB  ba  off  coator  of  traaa 
X  aad  39  a  froa  caatarliaa  of  SFP 
Rap^6000;  X  Raaa  of  Solar  djaaaic  Call  (kg) 
Wapa-S;  X  Effactlaa  aidth  of  Solar  Coll  (a) 

Hapa-lO;  X  Effactlaa  Haight  of  Solar  Coll  (a) 

hapv4;  X  Haight  of  Solar  Call  ca  (a) 

lapa-29;  X  Solar  Coll  Poaltloa  oa  Traaa  (a) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  ASSET  Pooar  Array  data 
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% 

xxxxxxmxxmmxmxxximxxxxxxxxxxx 

X  AUob  2600  kg/sid*  for  array  H/V 
X  Lot  call  OB  ba  3*  off  cantor  of  tmaa 
X  and  29  a  froa  cantarlina  of  SFP 
Hapa>2SOO;  X  Naan  of  Solar  dynaaic  Call  <k8) 

Hapa>2:  X  Effactlva  aidtb  of  ASSET  arrays  (a) 

Hapa>7;  X  Effactlra  baigbt  of  ASSET  arrays  (a) 

bapa^S;  X  Haight  of  Solar  Call  ca  (a) 

lapa*29;  X  Array  Position  on  Tmsa  (a) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Orthogonal  Intagratad  Tmaa  Maas  and  Siaa 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Alloa  12000  kg  for  aiac  H/H 
X  Linaar  danalty  •  20  kg/a  for  tr.a  tmaa 
X  atmctnra 

Loit*27;  X  Orthogonal  Intagratad  Tmsaas  Langth  (a) 

Holt>2;  X  Orthogonal  Intagratad  Trass  Width  and  Dapth  (a) 

Rolt"Loita20  >. . . 

0;  X  Orthogonal  Intagratad  Tmaa  Rise  Walght  (kg) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Dlaaatar  of  Conductor  Wlra 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

alra«2 ; 

rairaaaira/200;  X  Wlra  radios  (a) 
araaapiarslrs*2;  X  Wiro  araa  (a*2) 

tahialdalO.13;  X  latlc  Shlald  thicknaas  (aa) 
tshlaldatshiald/lOOO ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Platfora  Daslgn  Diaansiona 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

XXX  Conductor  1 

LC1-2S; 

nl-99; 

Ll>LCl*nl; 

XXX  Conductor  2 
LC2-LC1: 

02^01 ; 

L2-L1; 

XXX  Conductor  3 

LC3-2S; 

n3>l; 

L3-LC3*n3; 

XXX  Conductor  4 

LC4-LC3; 

n4>n3; 

L4*L3; 

XXX  Conductor  5 
LC5-27; 
n6>21 ; 

L5>LCS*nS ; 
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%%%  Conductor  6 

x«-1.9: 

n6-137: 

Laol6-coU((ii6/10))*0.02; 

If  n6<10. 

xaol6> (n8*0 . 02)  /3 ; 

oloo 

xaolO^.lO; 

and 

L6*n6*2*pi*(i6-raol6) ; 

■a6^6*pl*(r6*2) ; 

XtX  Conductor  7 

r7»r6; 

n7"n8; 

Lxol7>Laol6 ; 

L7-L6; 

XXX  Conductor  8 

r8>1.9: 

n8>l; 

LaolS-coiK  (n8/10)  )*0. 02 ; 
if  n8<10, 

raol8-(n8*0.02)/2; 

alaa 

raolS^.lO; 

and 

L8^na*2*pl*(r8-raol8) ; 

Bn8>n8*pi*(r8*2) : 

XXX  Conductor  9 

rOorS; 

u9>n8; 

Laol9oLaol8i 

L9-L8; 

■o9«nu8; 

XXX  Conductor  10 

rl0*1.9; 

nlOM97; 

LaollO-cail ( (nlO/10) } *0 . 02 ; 

If  nl0<10. 

raoll0«(nl0*0.O2)/2; 

olao 

raollO^.lO; 

and 

L10>nl0a2apia(rl0-raoll0) ; 

■ulO^lOapia  (rl0*2) ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Coilad  Conductor  Intagratod  Truaa  data 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Truaa  linaar  danalty  >  40  kg/a 
Lcc8t>Laol6+I.aol74Bax(  [2ar8  2arl0]  .  5; 
1lccat<nux(C2ar6  2ar8  2arl0])'*’.5; 

HccatsLccatadO-t-  . 

0;  %  Maas  of  Solanold  Int  Truaa  (kg) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Orthogonal  Intagratod  Truaa  Haas  and  alza 
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X 

xxxtixiitxtxmtxxtxxxxtxxmxxxxxxxtti 

X  illos  0  kg  for  aloe  H/H 
X  Linou  donaltj  ■  20  kg/a  for  tko  tmoa 
X  structoro 

Lolt>27:  X  Laogtk  of  Bottoa  latogratod  Tmasoa  (a) 

Wolt>2:  X  Hldtk  and  Ooptk  of  Bottoa  Int  Tmaa  (a) 

Rolt*Lolt*20; 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Datoraiao  Conductor  Linear  Danaltlaa 
X  (Includaa  Shialdlng) 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

[pal ,pal ,dl]-airadan(rBira ,al .tahlald) ; 
Cpa2 ,pa2 ,d2]>airadan(r8iro ,n2 .tahiald) ; 
[pa3ipa3,d3]aalradan(rairo,n3,tahiald); 
[pa4,pa4,d4]aalradaa(raira,n4,tahlald) ; 
[paS ,pa5,d6]aalradan(raira ,nS .tahlald) ; 

paaapl* (raira) *3*2 .699a*003; 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Calculate  Naaa  of  Toaara  and  Conductora 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 


■cla<2*pal+pal)*LCl ; 
Rc3a(2*pa2*pa2) *LC2 ; 


X  Haaa 
X  Haaa 


of  conductor  Cl  truaa 
of  conductor  C3  truaa 


Hc3a(3*pB3*pa3)*LC3; 
Hc4a (3*pa4*pa4) tLCd ; 


X  Haaa 
X  Haaa 


of  conductor  C3  truaa 
of  conductor  C4  truaa 


Hc6a(2*pa6*pa5) aLCS ; 


X  Haaa  of  conductor  C6  truaa 


Hc0apaa*L0; 

Hc7apaa*L7; 


X  Haaa 
X  Haaa 


of  coil  C6 
of  coil  C7 


Hc8apBa*L8; 

Hc9~paa*L9: 


X  Haaa 
X  Haaa 


of  coil  C8 
of  coil  C9 


HclOapaaaLlO; 


X  Haaa  of  coil  CIO 


Htot*Hpaj*HtB*ltadt*'3*Hta*.  . . 

2*Hcit*3*Hapa*2*Hapa'fHccat*Roit> _ 

Hcl*Hc2'fHc3*Hc4'Hlc6*' . . . 

Hc6*Rc7'fHcB*Hc9HIclO;  X  Total  Platfora  Haaa  (kg) 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Platfora  Hoaanta  of  Inertia 
X 

XXXXXX^  xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  llloo  Jb  offaet  for  ca  of  ET  and  da  offaet 
of  ca  of  tmaa  aaker 
Oeoaetric  Body  Ipproxiaation 


Payload 
Tmaa  Hakar 
Hain  Integrated  Tmaa 
Thmater  laaeabliaa 
Croaa  Integrated  Tmaa 
Solar  Dynaaic  Cello 
ASSET  Poaer  Irraya 
Conductor  Cl 


Circular  Cylinder 
Rectangular  Priaa 
Circular  Cylinder 
Rectangular  Priaa 
Circular  Cylinder 
Thin  Rectangular  Plate 
Thin  Rectangular  Plate 
Circular  Cylinder 
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%  Coadactor  03  ■  Circular  Cyllndar 
t  Coadactor  C3  ■  Clrcalar  Cyliador 
t  Coadactor  C4  ■  Clrcalar  Cyliador 
X  Coadactor  C5  ■  tactaagalar  Prlaa 
X  Soloaold  Trass  issoidily  ■  Clrcalar  Cyliador 


X 

Hccst4ccatoilc6^c7>IIc8'HIc9fllclO ; 

X 

Ixx(l)“<Kpay/12)*(3o|lpay*2+Lpay*2)  ♦. . . 

■payo(3)*3:  X 

Irz(2}-(Hta/12)*(Wta*2-»Lta*3} 

■tsio<3)-2;  X 

Irx(3)-(fcit/12)o(3o(ttat/2)*2+Lidt-2)  *0;  X 
Ixx(4)-2*((Hta/12)o(Bta-2+1lta*2)  ♦. . . 

Htao((Ijat/3)+(Vta/3))*2);  X 

I*x(6)-2o((Hclt/12)o(3o(Wclt/2)*2+Lclt-2)  ♦. . . 

Hclto((*ccst/2)+(Lclt/2))*2):  X 

Ixz(a)-3o((lUfii/12)o(HsyB*3)  +... 

llsiaio((Vccst/2)+laia)*2);  X 

Izz(7)-2o((H^>a/12)o(Hapa‘2)  *... 

Rapa* ( (Vccst/3)*lapa) '2) ;  X 

Izz(8)-(Holt/2)*<»olt-2)  +0;  X 

Izz(9)«2*(((Hcl)/24)*(3*(dl/2)*2+LCl*2)  +. . . 

Rcl*(acl/2)*2*(ihilt/2)*2)):  X 

Izz(10)-3*(((Mc2)/24)*(3o(d3/2)*2*LC3*2)  *. . . 

Hc2*(aC2/2)''3*(talt/3)*3));  X 

Izz(ll)-2*<<(Rc3)/24)*(3*<d3/2)*2+LC3*2)  +. . . 
Hc3*(((Hccst/2)*aC3/2))*2+. . . 

(Wclt/2)-2));  X 

Izz<12)-2*«(Hc4)/24)*(3*<d4/2)-2+LC4*2)  ♦. . . 
Rc4*<(<IIccst/2)+aC4/2))*2+. . . 

(Wclt/2)-2))!  X 

Izz(13)-2*({(Hc6)/4)*(d6/2)-2  ♦  Ic6*<.7)*2);  X 

Izz<14)-(Rccst/12)  *«3*Ilccst/2)  *2+Ucst  *2) ;  X 

X 

Iyy<l)*(*pay/2)*<Bpay"2)  ♦... 

l^ay*(Hta-0.S*llpay)*2;  X 

Iyy<2)-<Ht«/12)*<¥tB-2+It«-2)  ♦... 

Hta*(Hta/2)-3;  X 

Iyy<3)-<ftd.t/2)*(Italt/2)*2  +. . . 

ltalt*((talt/2)-H).S}*3i  X 

Iyy(4)-2*((Hta/12)*(Hta-2+Ifta*2)  +  0);  X 

Iyy(B)-2*((Rclt/12)*<3*(Wclt/2)-2+Lclt*2)  +. . . 

Rclt*((0.6*ltalt*(Wccst/2))*2+. . . 

aclt/2)*2));  X 

Iyy(6)-2*((Rspa/13)*(Hsiai*3+Isiai*3}  +... 


RsiiB*(0.5-Htalt*(Wccst/3)-lispoO*3*'. . . 

(  (Vccst/2)-flsfB)  "2) ; 

Iyy(7)“2*((Rapa/12)*(¥apa*2+H^a*2)  +. . . 

Hapa*(0.S'Htalt+(¥ccat/2)+hi9a)*3'i’. . . 
((¥ccst/3)-)-lsia)'2); 

Iyy(8)«3*((Rolt/13)*(3«(¥olt/3)''3*Lolt*2)  *. . . 

Holt*(0 . 5*1tailt*¥ccst+aolt/2)  )  *2) ; 
Iyy(9)-2*(((Rcl)/4)*(dl/2)-2  +. . . 

Rcl*((O.S+(Btd.t/2))*2+(1hilt/2)*2));  X 
Iyy(10)-2*<((Hc2)/4)*<d2/2)-2  +. . . 

Hc2*((0.6'f(nalt/3))*3-i-(1hilt/3)*3));  X 
Iyy(ll)-2*(((Hc3)/24)*(3*(d3/2)-2+LC3*2)  +. . . 

Hc3*((0.5+»Klt+(¥ccst/2))*2+. . . 
((¥ccot/2)+<¥clt/2))*2)) ; 
Iyy(12)*2*{((Rc4)/24)*(3*(d4/2)*2+LC4*2)  +. . . 

Rc4*((0.B+BMlt+(¥ccot/2))*2+. . . 
(<¥ccst/2)+(¥clt/2))-2)) ; 
Iyy(13)*2*<((HcS)/24)*(3*(d6/2)*2+LC6-2)  +. . . 

Rc6*(0.6+ttilt*¥ccst'f(LCS/3}}''2);  X 


Payload 

Trass  Rakor 

Rala  latogratad  Trass 

Tkrastar  Assoabllos 

Cross  latogratod  Trass 

Solar  Dyaaalc  Colls 

iSSBT  PoBor  Arrays 
Orthogoaal  latogratad  Trass 

Coadactor  Cl 

Coadactor  C3 

Coadactor  C3 

Coadactor  C4 
Coadactor  C6 
Soloaold  Trass  Assaably 

Psyload 

Trass  Rakor 

Rala  latogratod  Trass 
Thrastor  Assoabllos 

Cross  latogratod  Trass 

X  Solar  Dyaaalc  Colls 

X  ASSET  PoBor  Arrays 
X  Ortkogoaal  latogratod  Trass 
Coadactor  Cl 
Coadactor  C3 

X  Coadactor  C3 

X  Coadactor  C4 
Coadactor  C5 
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Iry(14)-(llccst/3)«0lccst*2)  . . 

Hccst*(0 .  S-Htait-f  (Wcc>t/2»  -3 ; 

X 

In(l)>(Rpay/13)*(3*l^«y*2«Lpay*3)  *. . . 

■pay*  (  (Bta-O .  S-Mpay )  *3+3*2) ; 
Isa(3)-(Htii/13)*(Hta*3+Lta*2)  +. . . 
NtB*((BtB/3) *2+3*2); 

Iss(3)-(nBit/12)*(3*(BUt/2)*2+Uat*3)  +. . . 

nBit*((Uilt/2)+0.6)*3: 
Isa(4)-2*((Hta/12)*(Hta*2+Bta*3)  +. . . 

Hta*((Lalt/3)+(1ita/3))*2) ; 
Ixz(S)-2*((Ncit/2)*(Vcit/3)*3  +. . . 

Hclt*(O.S+1tait+(Wccat/2))*2) ; 
Izz(6)>2*((Ilspa/12)*Bapa*2  +.  . . 

HaFai*(O.S+Bkit+(Hccst/2)-hapa)*2) ; 
Izz(7)a2*((Rapa/13)*Bapa*3  +. . . 

Hapa*(0  .S+HBlt+(llccat/2)+liapa)*2) ; 
Izz(8)-3*((Molt/13)*(3«(Volt/3)*2+Lolt*2)  +. . . 

Bolt*  (0 . 6+ttilt+Vccst+aalt/3)  )*2) : 
Izz(9)>2*(((Hcl)/24)*(3*(41/3)*2+LCl*3)  +. . . 

I!el*(  ttCl/2)  *2+(0 . 6+<Btait/2)  )  *2)  ) ; 
Izz(10)-2*(((Hc2)/24)*(3*(d2/2)*2+LC2*3)  +. . . 

Rc3*( (LC3/3) *2+(0 . 5+(Uilt/2) ) *2) ) ; 
Izz(ll)-2*(((Rc3)/4)*(d3/2)*2  +. . . 

Rc3*<(0.6+Bkit+(¥cc8t/2))*2+. . . 
(Beit /2) *2)); 

Izz(12)-2*(((Rc4)/4)*(d4/2)*2  +  . .  . 

Rc4*((0.E+H>lt+(Vccst/2))*2+. . . 
(Wcit/2)*2)): 

Izz(13)-2*(((Rc6)/34)*(3«(d6/3)*2+LC6*2)  +. . . 

ReS*(0.6+lhiit+Hccat+(IjC6/3))*3) ; 
Iyy(14)>(Rccat/2)*(Hcc8t*2)  +... 

Rcczt* (0 . 6+HBit+(Bccst/3) ) *2 ; 


X  Solaaold  Trass  isssably 

X  Payload 
X  Trass  Rakar 
X  Rala  Intagratad  Trass 
X  Thrastar  Issaablias 
X  Cross  Intagratad  Trass 
X  Solar  Dynamic  Calls 
X  ASSET  Posar  Arrays 
X  Orthogonal  Intagratad  Trass 
X  Coadactor  Cl 
X  Coadactor  C2 

X  Coadactor  C3 

X  Condactor  C4 
X  Coadactor  C5 

X  Solsnoid  Trass  Assaably 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Display  Prlaclpls  Romants  of  Inortia 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

A-samdzz) ; 

BasamCIyy) ; 

Oana(Izz); 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Oat  orbital  rafarenco  information  from  asar 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

r0>ra+altltada*1000;  X  orbital  radlas  of  roforanca  orbit  (m) 
na8qrt(0aRa/r0*3) ;  X  orbital  moan  motion  (rafaronca  orbit) 


nn<%napl/180; 
OmagaBOmagaapi/lSO ; 
Thatag>Thatagapi/180 ; 
incl>inclapi/lSO ; 


X  Conrart  Traa  Anomaly  rad 
X  Conrart  Bight  Ascanslon  to  rad 
X  Conrart  Sldaraal  Tima  to  rad 
X  ConTort  Inclination  to  rad 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Propara  Rafarance  Coaumd  Information 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

rpsil>rpsll*(pi/180} ;  X  Convart  to  rad 
rpsi2>rpsi2* (pi/180) ;  X  Contort  to  rad 
rp8i3>rpsi3a(pi/180) ;  X  Contort  to  rad 
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psil0^«il0«(pl/180) ;  X  Coavart  to  rad 
poi20>pai20*(pi/180) ;  X  Convart  to  rad 
pslSO^siSO*  (pi/180) ;  X  Coavart  to  rad 

zo-Cxo  0  :ro  0  so  0  psiio  o  paiao  o  paiso  o]>: 

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXtXXXXXlX 

X 

X  Oat  tlao  history  iaforaatioa  froa  osar 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

taax>3; 

atiac«3; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxmxxxx 

X 

X  Qaaorato  rafaraaca  coaaund 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

taO; (taaz/atiac) :taaz: 
tlaagalaagth(t) ; 

razaroa(tlaaf ,0) ;  Xcoaatract  rafaraaca  i  iiaaiiiiil 

r( : ,l)arzaoaaa(tlaag,l) ; 
r< : ,3)aryaoaas(tlaag,l) ; 
r( : ,3)arsaoaas(tlaBg,l) ; 
r( ; ,4)arpsilaoaaa(tlaag,l) ; 
r( : ,6)arpsi3*oaas(tlaag,l) ; 
r( : ,6)arpsi3*oaas(tlaag,l) ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Hiacallaaaoas  Calcalatioas 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

alacos(PhiO)a(cos(aa)*cos(Qne2a-Thatag-LaaO)~. . . 

sia(aa)acos(iBcl)asia(Oaaga-Thatag-LaBO})'^. . . 
sia(PhiO)asia(aa)asia(iacl) ; 
a3acos(PhiO)a(-aia(an)acos(Oaaga-Thatag-LaaO)-. . . 

cos(aa}acas(iacl)asia(aaaga-Thatag-Laat»)''’. . . 
sia(PhiO)acoa(aa)aaia(iacl} : 

a3acoa(PhiO)asia(iacl)asia(OBagB-Thatag-I,aaO)'fsia(PhiO)acos(iacl) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X 

X  Hiscallaaaons  Drag  Calcalatioas 
X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

Bl«Baasia(iacl)asia(aa) ;  X  ar  coapoasat 

B3^aasia(iacl)acoa(oa) ;  X  athata  co^oaaat 

a3>waacos(iacl) ;  X  a3  coapoaaat 

dalB>a-B3; 

Kd>-  (  (Cd*Adrag*rhoO)  /(3aIltot )  }  aazp  (-  (  alt  itnda-rraf  )/hs)  a  — 
(rOaBqrt(dalB*3aB3~3)) ;  X  Drag  Factor 

15ss>(Kd*dalBa(rO'4)aMtot)/(IIaa3aLS)  ;  X  la-Path  Drag  Tara 
thaa3(Kd*B3aiOa|ltot)  ;  X  Oat-of-plaaa  Drag  Tara 

XSat  Dp  Systaa  Matricas  F, 0,8,1  (opaa-loop) 

X  Systaa  Hatriz,  F 

Fsya-[0  10000000000; 
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(3*a*a)  M  <-(Ed*d«lw))  (2*a)  (-(Id*w2))  0  0  0  0  0  0  0; 
00010000000  0; 

(Id*d«la)  (-2*b)  0  (-Id)  (Id**l)  0000000; 

00000100000  0; 

(Ed*w2)  0  (-(Ed*al))  0  (-(ii*2))  Ed  0  0  0  0  0  0; 

00000001000  0; 

0  0  0  0  0  0  (-(b‘'2)*(C-B)/4)  0  0  <-b*<-1-B+C)/A)  0  0; 
00000000010  0; 

0  0  0  0  ((3*b*2)*(A-C)/(x0*B))  0  0  (-B«(i-»B-C)/B)  <(4*b*2)*(A-C)/B)  0  0  0; 
00000000000  1; 

0  (3*B/(2*rO))  ((3*B-2)*<B-*)/(r0*C))  0000000  ((-3*B*2)*(B-i)/C>  0] ; 


XlBpnt  BBtrix 

a>ra>(H/(iO*3))*([0  000000000  0; 

(-(a3*Ll)/Htot)  (-(■3*L2)/Rtot)  ((■2«L3)/Htot)  ((aaaLO/lltot)  0  0  0  0  0  0  0; 
0000000000  0; 

0  0  ((2*Bl*L3)/Htot)  ((2*al*L4)/lltot)  ((■3*LS)/Mtat)  0  0  0  0  0  0; 
0000000000  0; 

(-(2*al*Ll)/lltot)  (-(2*Bl*U)/Htot)  0  0  (-(■2*L6)/lltot>  0  0  0  0  0  (rO~3)/(l*lltot) ; 
0000000000  0; 

(-(■1*L1«LC1)/A)  (■1*L2*LC2)/A  (-0il*L3*IjC3)/A)  (■1*L4*LC4)/A  0  (-(■3*Bni6)/A)  . . . 

(-(a3*am7)/A)  (■2*BnB)/A  (■2*Ba9)/A  0  0; 

0000000000  0; 

0  0  (■2*L3*LC3)/(2*B)  (-(■2*L4*LC4)/(2«B))  (-(■2*a6*(O.S-MfeU.t+WccBt'fLC6/2)*LC5)/B) 
0  0  (2*Bl*Ba8)/B  (2*al*Ba9)/B  (■3*BmlO)/B  0; 

0000000000  0; 

(■3*L1«LC1)/(2*C)  (-(ii3*L2*LC2)/(2*C))  (-(2«Hl*B3*(0.B+lteit'Hfccst/2)*L3)/C)  ... 

(-(2*al*B4*(0.5-i'lhdit'HfccBt/2)«L4)/C)  (-(■3*B6*(0.5'f1hlt+HccBt>LC5/2)*LC5)/C) 
(-(2*Bl*aRi6)/C)  (-(2*Bl*m7)/C)  0  0  (-(■2*anl0)/C)  0]); 


XoBtpBt  BBtrix  (a«l«cta  poaitloaa  aad  attltuda  anglaa  oaXy) 
Haya-Cl  0000000000  0; 

00100000000  0; 

00001000000  0; 

00000010000  0; 

00000000100  0; 

00000000001  0]; 


JajB>zaro8(6,ll};  Xao  fad-through  coatrol  aigaala 

Xtaat  coatrollabillty  aad  obaarrability 
Mc>ctTb(Faya,08ya) ; 
if  raak(IIc)"12, 

X  dlapC’Tha  (Faya.Oaya)  ayataa  ia  coaplotaly  coatrollabla. ’) ; 

alaa 

X  diapC’Tha  (FajBiOaya)  ayataa  haa  nacoatrollabla  aodaa ! * ) ; 

aad 

Ro'obaaCFaya .Haya) ; 

If  raak(Ro)»*12  , 

X  dlapC’Tha  (FayajBaya)  ayataa  ia  co^lataly  obaarrabla . ’ ) ; 

alaa 

X  diapC’Tha  (Faya,Hay8)  ayataa  haa  naobaaraabla  aodaa ! ’ ) ; 


aad 

Xdariaa  LQR  coi^aaaator  E 

Xaaar  aatara  atata  aad  coatrol  aignal  aaightiaga 
Xaoraalizad  atata  aaightiag  aatriz 


<lBt«l ; 

Q-qata([l  00000000000; 
01000000000  0; 
00100000000  0; 
00010000000  0; 
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00001000000  0; 

00000100000  0; 

000000x00000  0; 

0000000x0000  0; 

00000000x000  0; 

000000000x00  0; 

0000000000x0  0; 

00000000000  xO]); 

xwt"l ; 

K«xwt*«T«(ll) ;  t  Sat  up  control  uol^tlag  autriz 
1(1:6. 1:S)-1*I(1:5.1:S); 

Kdl.lD-lOOOoidl.ll);  X  Houtily  Ponallxa  Uao  of  Thruator 
I-lqr (Faya .Oaya ,q ,») ; 

Xdarito  noa-aqaara  pra-filtar  ^if  nalng  optimal  paando-iaaaxaa 
Rpf K-plaa (Haya* lav (Fay a-Oayaal) aOaya ) ; 

X  Satnp  cloaad-loop  ayataa  aiatxlcaa 

Fcl"Faya-Oayaal ; 

OclHlayaaRpf ; 

Hcl>Haya ; 

Jcl*aaroa(6) ; 

Cy,z]alain(Fcl,acl,Iel,Jcl,r,t,IO) ;  Xontputa  and  atatoa 

[k,B]aalaa(y); 
for  1*1 
for  j>l:a, 

if  al>a(y(l,j))<la-0. 

y(i,J)-0.0; 

aud 

aad 

aad 

u>(llpf*r’-laz>)  > ;  X  Control  vactor  laclndaa  10  curraata  and  1  thruatar 

for  l>l:tlang 

u(i,S)*n(l,6)+i6aa; 

a(l,ll}>n(i,ll)atliaa; 

and 


DB.n]aai2a(n); 
for  i"l:B, 
for  j«l:n, 

if  aba(u(i,J)}<la-9, 
u(i, j)“0.0; 
and 
and 
and 

a>(0ayaan’)’;  X  Accalarationa 
[■,n]>aiza(a); 
for  i>l:n, 
fox  j“l :n, 

if  aba(a(i,J))<lo-9, 
n(i, j)«0.0; 

and 

and 

and 
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poa^uzCs); 

for 

If  •ba(poa(l))>alM(iiog(i)) 
■azciir(i)opoa(i) ; 

olaa 

■BZciir<i)*iMg(l) ; 
and 


plio»2.  #680-8; 
tl>rho*(2«Ll/axoa) ; 

K2>Tho*(2*L2/aroa) ; 

B3or]ko*(2*L3/araa) ; 

E4>rho*(2*L4/araa) ; 

K6arlio*(2*L6/aroa) ; 

B8>rho* (L6/aroa) ; 

K7>zho*(L7/axoa} ; 

R8>r]io*(L8/aroa) ; 

>9^1io*(L9/axoa) ; 

R10Brho*(L10/araa) ; 

Bl-(ll/(x0*3))*2«ia: 

B2«(1I/(pO*3))*<-«2); 

B3-«/(r0-3))*<-«3); 

I.lTOe«[0;U;0]; 

L2<rOC>*C0;L2:0] ; 

L3Tac«C0;0;L3] ; 

L4toc*C0;0;L<]  ; 

L6*oc-aS:0:0]; 

fox  1>>1  ;laBgtli(t) , 

»l-x(i.2)-dolao*<i,3)-a2*x(i,S) ; 

V2>d«la*(rO*'x(i,l))  *  z(i,4)  +  ol*z(i,6): 

73^2*<r0+i<i,l))  -  al*z(i,3)  +  z(l,6}; 

C(l,l}ocoa(z(l,9)}*coa(z(i,ll)); 

C(1.2}— ain(z(l,U)): 

C(l,3)>8lii(z(i,9})*coa(z(l,ll}); 

C(2,l)"coa(z(l,9})*aiii(z(l,ll})*coa(z(i,7))  +  alo(z(i,9))*aln(z(i,7}) ; 
C(2.2)"coa(z(i,ll)}«coa(z(i,7)}; 

C(2,3)~aiji(z(i,9))*aiii(z(l,ll))*coa(z(i,7))  -  coa(z(i,9))*8in(z(i,7)) ; 
C(3,l)~coa(z(i,9))*ai]i(z(l,ll)}*atii(z(i,7))  -  8iii(z(i,9))*c08(z(i,7)) ; 
C(3,2)*coa(z(i,ll))*8in(z(i,7)); 

C(3,3}>8in(z(i,9))*8lii(z(i,ll}}*aiii(z(l,7))  co8(z(l,9))*co8(z(i,7)) ; 

VB-[(V2«B3-V3«B2}  (V3*B1-V1*B3)  (V1*B2-V2«B1)] ; 

LlVisd(l)«VB*(C*LlTec) ; 

L2Viiid(i)-VB*(C*UTOc) ; 

L3Viiid(i)-VB*(C*L3Tac) ; 

L4Viiid(i)-VB*(C*UTac) ; 

L6yind(i)-VB*(C*L6Toc) ; 

l>o>l(i}-((aba(u(i.l)*LlVliid(i)))+(Rl*il(i,l)*2))/1000; 

poB2(i)-((aba(u(1.2)*L2Vijid(i)))>(R2*ii(1.2)*2))/1000; 

POb3  ( 1)  >  (  (aba  (n  (  i .  3)  •IJViiuK  1)  )  ) -f  (R3*n  ( 1 .3)  *2)  )/1000 ; 

po>4(i)-((ab8(Ti(1.4)*L4Viiid(l)))-»'(R4«o(1.4)'2))/1000: 

pov6(i)-((ab8(ii(l,S)*L5Viiid(l)))'f(R5*a(l,S)*2))/1000: 

po86(i)-(R6*ii(1.6)*2)/1000; 

pow7(i)-<R7*ii(i,7)-2)/1000; 

poB8(i)-(R8*ii(l,8}~2)/10<X>; 

poa9(i)-(R9*ii(l,9)-2)/1000; 
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poal0(l)-(110«a(i,10)‘a)/1000; 


totpoa(l)apoal(i)>poa2(l)'^«3(l)'»poa4(i)'»poa6(i)«p«a6(l)«. . . 

poa7(l)'»poa4(i)'»poa9(i)+poal0(l) : 
aoltaga(l)aabs(tl*a(l,i))'*'aba(B3*a(i,3))'»abs(t3*a(i.3))^. . . 

aba(K4*a(1.4))'<’aba(lS*a(i,6))«aba(Be*B<i.«))«. . . 
aba(t7*a(1.7))«aba(»B*a(i,a))«abs(B»*aa.»))'»aba(UO«a(l,10)): 

and 

poa ( 1 ) ■ ( B1 aaazcar ( 1) *2) /lOOO : 
poa(2)-(Ba««axcar(2)*2)/1000; 
poa(3)B(B3*aaxcBr (3) *2) /lOOO : 
poa(4)>(B4*wzcnr  (4)  *2)/1000: 
poa(6)a(K6*Baxcar(5)*2)/1000; 
poa(6)>(U*Bazcar(6)*2)/1000; 
poa(7)-(K7*Mzciir  (7) ‘2)/1000  i 
poa(8)o(B8*aazcar(8) *2)/1000 ; 
paa(9)-(B9*aazcar(») *2)/1000; 
poa ( 10)-(B10*awzcar ( 10) *2) /lOOO : 

xxxxxtxxxmnxxmmmxtxmmtxxmmnxnmxumnuxn 

X 

X  Calcalata  tha  ahiald’a  lanar  aarfaca  taaparatuxa  and  tha 
X  condactor’a  cora  taaparatnra. 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

[■aztaapa(l)  ,Bazta^s(6)]>cliktaapl  Caaxcnrd)  .LCl  ,nl  «dl  .tsklald) ; 
[■axtaapa(2)  ,aartaapa(7)]>chkta^l(BazcaT(2)  ,IjC2  ,n2,d2,tshlald); 
CMZtaapa(3)  ,aaxtaiVs(8)]>elikta^l(Bazciir(3),LC3,B3,d3,tshlald); 
bazta^s(4)  ,auurtaapa(9)]*chktai9l(Bazenr(4)  ,LC4,tt4>d4,tal>lald) ; 
DaaztaMpaCS)  ,awztaqpa(10}]acliktai9l(a«zciir(S)  ,LCS,a6,dS,tshlald) ; 
|jMU(ta^pa(ll)]acliktaap2«alxa/i00)  ,Bazcu<6).ii8,z8,ij6,I.sol6); 
DBaztaiq>a(12)]acliktaa|p2((alxa/100)  ,auciur(7)  ,n7,r7,L7,Lsol7); 
CMZtaapa(13)]ac]iktaap2((aita/100)  ,Mzciir(8)  ,ii8,r8,L8,Laol8)i 
[■axtaa9s(14)]Bchkta^>2((aixa/100)  ,■azcaT(9),ll9,z9,L9,Laol9); 
[■aztaava(16)]"chktaap2((alra/100)  .BazcardO)  ,nl0,rl0,Lt0,LBOll0) ; 

■azpoa^az(totpaa) ; 


Baxforcad)a((-(Raa3aLl))/(rO*3))a(Bazcard}) ; 
■axforca(2)a(-(2*R«BU*Ll)/(rO*3))a(Bazcard)) ; 

■Bxf orca(3)-( (- (Raa3*L2) ) / (r0*3) }a (■azcar(2) ) ; 
■azforca(4)>(-(2*R«Bl*L2)/(TO*3))*0Bazcax(2)); 
■azforca(6)a((RaB2aL3)/(rO*3))a(Bazcar(3)) ; 
■azforca(8)a((2aRaalaL3)/(iO*3))a(Bazcar(3)) ; 

■axf area (7) ■( (RaB2aL4) / (r0*3} ) a (■azenr (4) ) ; 
■azforca(8}a((2*R*alaL4)/(zO*3))*(Bazcar(4)); 

Bazf  or ca  (9)  •(  (RaB3aLS)  /  (r0*3)  )  a  (aueax  (S)  )  ; 
■azforcadO)>(-(RaB2aLS)/(xO*3})a(Bazcar(6)); 

blaoBlad/(rO*3})a(-(RaalaLlaIjCl)>  a  (aascard)); 
b3Boal>d/(xO*3))a(RaB3aLlaLCl)/(2)  a  (aazcaxd)); 
blaoa2-d/(rO*3))a(RaBlaL2aLC2)  a  (aazcar(2)); 
b3aaa2ad/(rO*3))a(-(Raa3aL2au:2)/(2})  a  (aazcar(2)); 
blaoa3ad/(rO~3))a(-(RaalaL3aLC3))  a  (aazcaT(3)); 
b2aoa3ad/(rO*3))a(Raa2aL3aLC3)/(2)  a  (aazcar(3)); 

b3BK>a3ad/(r0*3))a(-(2aRaalaa3a(0.6a«ait-Hrccat/2)aL3))  a  (aazcar(3}); 
blaoa4-d/(xO*3))a(RaBlaL4aLC4)  a  (aazcar(4)); 
b2aoa4-d/(xO*3))a(-(Raa2aL4aLC4)/(2))  a  (aazcaT(4)); 
b3aoa4>d/(x0*3))a(-(2aRaalan4a(0.5alhilt'Hlccst/2)aL4))  a  (aazcar(4)); 
b2aoa6>d/(rO*3))a(-(Raa2an6a(0.5a|taltaVccataLC6/2)aLCS)}  a  (aazcarCB)); 
b3aoa6-d/(r0'3))a(-(Raa3an5a(0.Sa|taitaHccstaLC6/2)aLC5)}  a  (aazcarCB)); 
blaoa6a>d/(rO'3})a(-CRaa3aBB8))  a  (aaxcar(8)); 
b3Boa8>d/(r0*3))a(-(2aR4alaaB6))  a  (aazearCS)); 
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blBOB7*(l/(xO*3})*(-QI*a3*aB7))  •  (■■xcar(7)): 
l>3MaB7-<l/(zO*3))*(-(3*B««l*n7))  •  (Buciir(7)); 
blBOB8B(l/(rO*3))*QI«B3*aii8)  •  (BaxciirCS)); 
b3aoB8B(l/(TO*3))*(3*8*Bl*BB8)  •  (auc«x(8)): 
bl>oa9>(l/(rO*3))*(K«a3*m9)  •  (maxcnrO)) ; 
b2w»9>(l/(TO*3))*(3*R*Bl«aa9}  •  (aucuO)); 
b3BOBlOB(l/(rO*3))*(R*a3*aalO)  •  (aucardO)) ; 
b3aoalO>(l/(zO~3))*(-(R«a3*mlO))  •  (■ucardO)) ; 


■anoad  )  ■blaaal 
aaxaaa(3)-b3Baal 
aaxaoa(3)*blaoa3 
aazaai(4)«b3aoa3 
aaxBoa(6}^laoa3 
i(8}"b3aoa3 
t(7}-b3aoa3 
i(S)-blaoa4 
i(9)-b3aaa4 


aaxaoadO)*b3aoB4 
aazaoad  1  )'*b3a(Hi£ 
aazaoad3)~b3aoa6 
aaTaoad3)“blaoaB 
aaxaoad4)>b3aoBB 
aazaoadE)>iblaoa7 
aazaoad6)"b3bMa7 
aazBoad7)~blaoaB 
aazaoad8)"b3aoaB 
aaxaoad9)>blaoa9 
aaxaoa(3O)>bteaa0 


aazaoa(31)*b3aoalO; 

aazaoa(33)«baualO; 


X  Calcalata  r«qair«d  shiaU  tbicknasa 
Ba>6.4a-6; 

Balx((3a-7)a(aazcaxd)}*(nl))/(dl/3) ; 

Ba3-((3a-7)a(aazcaxd))a(nl))/(3.0-(3adl)); 

Baol>(  (3a-7)  a(aaz(aazcar  (6 ;  10))  )  adO)  )/(3 . 0) ; 

traq-lOa  (  (1 .  S71a-8)a  (dlalOO)  a  (  (BaaBal-i'Ba3aBsol)  /  <pia4a-7)  )/l .  375) ; 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
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Figure  H.l  SFP  reference. 

Figure  H.l  is  essential  to  this  analysis.  In  the  figure,  a  reference  point  is  de¬ 
fined  as  the  intersection  between  the  orthogonal  integrated  truss  axis  and  the  top  of 
the  main  integrated  truss.  Under  most  conditions,  the  mass  distribution  of  the  SFP 
is  symmetric  about  the  main  and  orthogonal  integrated  truss  plajie.  When  payload 
variations  and  power  system  rotations  are  considere'^,  mass  distribution  asymmetries 
about  the  main  and  cross  integrated  truss  plane,  as  well  as  the  cross  and  orthogonal 
integrated  truss  plane,  occur.  To  assist  the  controller,  the  SFP  incorporates  trans¬ 
lating  augmentation  thrusters  (in  tiie  bi  direction)  and  a  translating  truss  maker  (in 
the  62  direction). 
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H.l  Augmentation  Thrusters 

insure  that  the  augmentation  thrusters  do  not  generate  undesirable  mo¬ 
ments,  they  are  able  to  track  the  center  of  mass  of  the  platform.  It  is  therefore 
necessary  to  determine  the  range  over  which  the  center  of  mass  will  move  in  the 
bi  direction.  The  SFP  has  two  configurations  that  define  the  high  and  low  limits 
of  the  vehicle’s  mass.  The  center  of  mass  for  these  two  configurations  —  one  with 
the  maximum  allowed  payload,  and  one  with  no  payload  —  determine  the  required 
range  of  the  augmentation  thrusters  in  the  Sj  direction. 

Modeling  the  SFP  as  a  system  of  particles,  an  approximation  of  the  position 
of  the  center  of  mass  can  be  calculated  from 

=  jfiYi  (H-1) 

Fc  is  the  position  of  the  center  of  mass  relative  to  the  fixed  reference  point 
rrii  is  the  mass  of  each  particle 

Fj  is  the  position  of  each  particle  relative  to  the  reference  point 
M  is  the  total  mass  of  the  system  (74:302-303) 

Table  H.l  shows  the  data  for  the  external  tank  payload  with  the  solar  dynamic 
power  modules  oriented  in  the  6i  direction.  Applying  Equation  H.l  to  the  data  in 
Table  H.l  gives: 

Fci  =  0.65  6i  m 

Table  H.2  shows  the  data  for  the  case  of  no  payload  with  the  solar  dynamic 
concentrators  oriented  in  the  -6i  direction.  The  position  of  the  center  of  mass  for 
this  case  is  then: 

Fc2  =  —3.62  6i  m 
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SFP  Component 

Position  (m) 

Mass  (kg) 

Payload/Truss  Maker  Assembly 

8.61  6x 

34,300 

Main  Integrated  Truss 

-1.00  hi 

12,200 

Conductors  Ci  -f  Cj 

-1.40  61 

11,418 

Power  System 

-1.90  hi 

17,000 

Conductors  C3  -|-  C4 

-3.50  61 

462 

Cross  Integrated  Truss 

-3.90  hi 

25,200 

Coiled  Conductor  Integrated  Truss 

-3.90  hi 

195 

Conductors  Cg  -f-  C!^  Cg  -|-  Cg  -f-  Cio 

-3.90  61 

7,414 

Orthogonal  Integrated  Truss  and  Conductor  C5 

1 

bo 

0 

2420 

Total 

110,609 

Table  H.l  SFP  component  mass  and  position  data  with  an  external  tank  payload 
and  the  solar  dynamic  concentrators  oriented  in  the  6i  direction. 


SFP  Component 

Position  (m) 

Mass  (kg) 

Truss  MaJcer  Assembly 

2.50  hi 

3,000 

Main  Integrated  Truss 

0 

0 

1 

12,200 

Conductors  Ci  -1-  C2 

-1.40  hi 

11,418 

Power  System 

-6.10  61 

17,000 

Conductors  C3  -|-  C4 

-3.50  hi 

462 

Cross  Integrated  Truss 

-3.90  61 

25,200 

Coiled  Conductor  Integrated  Truss 

-3.90  hi 

195 

Conductors  Cg  -j-  Cj  -|-  Cg  -}-  Cg  -|-  Ciq 

-3.90  hi 

7,414 

Orthogonal  Integrated  Truss  and  Conductor  C5 

-13.80  61 

2,420 

Total 

79,309 

Table  H.2  SFP  component  mass  and  position  data  without  an  external  tank  pay- 
load  and  the  solar  dynamic  concentrators  oriented  in  the  -bi  direction. 
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Tel  and  rc2  represent  the  approximate  required  r2inge  for  the  augmentation  thrusters 
in  the  bi  direction. 

H.2  Truss  Maker 

The  truss  maker  translates  along  the  top  rail  of  the  main  integrated  truss 
so  that  the  center  of  mass  of  the  combined  truss  maker/payload  assembly  remains 
symmetric  about  the  cross  and  orthogonal  integrated  truss  plane.  Because  of  the 
SFP’s  robust  payload  capabilities,  the  truss  maker  was  designed  with  a  full  range  of 
motion  along  the  main  integrated  truss. 

H.3  Conclusion 

To  assist  the  controller,  translating  augmentation  thrusters  reduce  undesir¬ 
able  moments,  and  a  translating  truss  maker  keeps  the  SFP  center  of  mass  on  the 
orthogonal  integrated  truss  axis. 
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Appendix  I.  Variable  Thrust  Augmentation  Thrusters 


Electrodynamic  propulsion  lacks  the  capability  to  produce  thrust  parallel  to  B. 
The  necessary  thrust  profile  for  an  ^-bar  maneuver  is  seen  in  Figure  I.l.  The  SFP 
needs  a  thruster  with  variable  output  of  0-44  N.  Using  an  upper  bound  of  50  N, 
to  ensure  coverage,  rules  out  any  type  of  electric  thruster  —  most  electric  thrusters 
produce  less  than  1  iV  of  thrust.  Numerous  thrusters  would  be  required  to  achieve 
50  N.  Multiple  thrusters  would  only  be  able  to  discretize  the  shown  profile,  and 
the  size  and  weight  of  such  a  system  could  be  quite  extensive.  This  leaves  chemical 
thrusters  as  the  only  alternative.  Most  liquid  propellant  rocket  engines  have  been 
designed  for  constant  thrust  operation;  however,  it  is  possible  to  design  an  engine 
capable  of  variable  thrust. 

Given  the  following  set  of  equations  (83:83): 


r  =  mUe  +  (Pe-Fa)^  (M) 

T  =  CpPcAt  (1.2) 


where 
T  =  thrust 
m  =  mass  flow  rate 
Ve  =  nozzle  exit  velocity 
Pe  =  nozzle  exit  pressure 
Pa  =  ambient  pressure 
Ae  =  nozzle  exit  area 


M 


Thrust  Required  ProWe 


Figure  I.l  The  out-of-plane  thrust  required  to  perform  an  i?-bar  standoT  of  -60  m. 

Cp  =  coefficient  of  thrust 
Pc  =  chamber  pressure 
At  =  throat  area 
k  =  specific  heat  ratio 
R  =  universal  gas  constant 
M  =  molecular  weight 
Tc  =  chamber  temperature 


It  is  easily  seen  that  T  is  proportional  to  At,  Pc,  m,  and  yjTcfM.  These 
equations  show  how  variations  in  thrust  can  affect  other  factors. 

A  method  of  varying  thrust  is  to  change  At  while  simultaneously  throttling  the 
flow  (accomplished  by  inserting  a  movable,  tapered  plug  into  the  nozzle) (83:82).  In 
this  case,  Pc  can  remain  constant,  as  well  as  Tc,  M  eind  the  specific  impulse,  Isp.  This 
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Figure  1.2  A  variable  thrust  injector  with  movable  sleeves  to  vary  the  amounts  of 
fuel  and  oxidizer  entering  the  chamber. 

has  been  done  experimentally  but  the  mechanism  is  complex,  heavy  and  difficult  to 
cool. 

For  liquid  propellant  rockets,  the  flow  to  the  chamber  can  be  decreased  by 
throttling  valves/injectors  in  the  propellamt  feed  system,  while  chamber  geometry 
and  At  are  held  constant  (83:82).  This  results  in  a  linear  decrease  in  with  a 
slight  decrease  in  Tc  and  /,p.  In  other  words,  there  is  a  small  penalty  for  throttled 
thrust. 

A  typical  throttleable  injector,  with  variable  injection  slot  areas,  is  shown  in 
Figure  1.2.  This  is  an  effective  means  of  controlling  the  propellant  flows  and  injector 
pressure  drops  at  various  engine  thrust  levels.  The  addition  of  moving  parts  does 
cause  some  design  complications,  but  this  is  a  proven  method  that  was  used  on  the 
lunar  lander  with  a  throttling  ratio  of  10:1  (83:82).  The  McDonnell  Douglas  Delta 
Clipper  (experimental  single  stage  to  orbit  vehicle)  also  relies  on  throttleable  valves 
for  thrust  variation  from  30%  to  100%  (47:55). 
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VALVES 


Figure  1.3  A  variable  thrust  injector  introduces  an  inert  gas  to  reduce  thrust  by 
varying  the  propellant/gas  mixture  ratio. 

A  second  approach  to  a  throttleable  injection  system  is  the  “aeration  method” 
shown  in  Figure  1.3.  An  inert  gas  is  introduced  into  the  injector  propell«int  mani¬ 
fold  to  reduce  thrust  levels  by  variation  of  the  propellant/gas  mixture  ratio.  This 
effectively  varies  the  propellant  density  to  achieve  any  desired  thrust  level  without 
affecting  combustion  stability.  The  inert  gas  can  be  supplied  by  the  same  source 
used  to  pressurize  the  propellant  tanks.  This  method  makes  it  possible  to  achieve  a 
throttling  ratio  of  100:1  (37:127). 

For  the  SFP,  50  N  of  thrust  can  be  achieved  by  a  relatively  small  liquid  pro¬ 
pellant  thruster  and  can  easily  be  handled  by  a  set  of  two  40  N  thrusters  for  each 
side  of  the  SFP.  The  total  of  four  thrusters  are  mounted  in  opposing  pairs,  on  stan¬ 
chions  at  the  ends  of  the  main  integrated  truss.  With  a  throttling  ratio  of  10:1,  these 
thrusters  will  easily  achieve  the  variable  out-of-plane  thrust  requirement  depicted  in 
Figure  I.l. 

The  augmentation  thrusters  must  also  track  shifts  in  the  center  of  mass  —  shifts 
due  to  the  changes  in  payload  and  rotation  of  the  power  systems.  This  tracking  is 
required  to  eliminate  undesirable  moments  that  would  be  caused  by  the  thrusters. 
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This  is  discussed  in  Appendix  H.  In  other  words,  the  thrusters  must  translate  along 
the  6i  direction  to  provide  the  thrust  through  the  axis  of  the  shifting  center  of  mass. 
Two  movable  thruster  assemblies  on  stanchions  have  been  selected  for  the  t2isk. 
These  thruster  assemblies  are  located  at  the  ends  of  the  main  integrated  truss,  and 
are  designed  to  thrust  in  the  63  direction.  The  two  assemblies  will  each  consist  of 
a  stanchion  and  movable  platform.  The  platform  will  house  the  thruster  assemblies 
and  positioning  motor.  The  thruster  assembly  will  consist  of  the  thruster  and  any 
necessary  fuel.  These  components  are  powered  and  controlled  by  a  flexible  umbilical 
connected  to  the  main  integrated  truss. 
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Appendix  J.  Linear  System  Controller  Development 

The  detailed  derivation  of  the  equations  of  motion  provides  a  model  of  the 
SFP’s  behavior  that  can  be  used  to  develop  an  SFP  design  that  gives  full  control 
over  the  equations  of  motion  while  achieving  the  operational  capability  goals.  The 
method  chosen  to  combine  these  two  tasks  was  to  use  the  controller  design  process 
outlined  in  the  POTkV  study  (81:4-5)  in  an  iterative  scheme.  First,  a  design  for 
the  SFP  is  proposed.  The  equations  of  motion  for  the  design  are  derived.  They 
are  then  converted  to  a  state  space  representation.  The  state  space  representation  is 
checked  for  controllability  and  observability.  Based  on  the  state  space  representation, 
a  two  degree  of  freedom  controller  is  designed  using  a  linear  quadratic  regulator  and  a 
prefilter.  The  state  spa^e  open  loop  system  is  then  converted  to  a  closed  loop  system 
using  full  state  feedback.  A  linear  simulation  using  the  closed  loop  system  is  then 
run  to  generate  the  currents  and  thrust  required  by  the  control  elements  to  achieve 
the  desired  performance.  This  data  is  then  used  to  evaluate  power,  temperature, 
and  performance.  If  changes  to  the  design  are  required,  then  updates  are  made,  and 
the  process  is  repeated.  The  process  repeats  until  an  ax:ceptable  design  is  achieved. 
An  acceptable  design  would  allow  the  platform  to  precisely  fly  a  desired  trajectory 
and  maintain  a  desired  attitude  during  maneuvering. 

J.l  State  Space  Equations  of  Motion 

The  first  step  of  the  design  process  —  deriving  the  equations  of  motion  — 
has  been  carried  out  in  the  preceding  sections.  The  SFP  equations  of  motion  can 
now  be  written  as  a  state  space  representation.  However,  before  this  can  be  done, 
the  constant  aerodynamic  drag  terms  in  Equations  6.20  and  6.21  must  be  removed. 
Since  the  orientation  angles  are  assumed  to  be  small,  the  control  elements  that  will  be 
expected  to  compensate  for  the  aerodynamic  drag  can  be  predicted.  The  forces  due 
to  the  constant  drag  terms  will  be  calculated  separately  in  the  control  design  process. 
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Their  power  and  thrust  requirements  will  be  abided  back  in  prior  to  evaluation  of 
the  design.  This  maJces  the  aerodynamic  drag  part  of  the  equilibrium  state  for  the 
controller. 


Once  the  constant  terms  are  removed,  the  conversion  to  a  state  space  represen¬ 
tation  can  occur.  In  order  to  convert  the  equations,  the  coupling  of  the  currents  and 
attitude  terms  in  Equations  6.38  -  6.40  and  6.46  -  6.48  must  be  eliminated.  This 
decoupling  can  be  performed  by  linearizing  the  equations  of  motion.  The  lineariza¬ 
tion  assumes  products  of  the  states  and  controls  are  small  relative  to  the  other  terms 
in  the  equations  of  motion.  For  this  system,  the  states  are  the  relative  position  and 
attitude  components,  and  the  controls  are  the  conductor  currents  and  the  thrust 
of  the  augmentation  thrusters.  Making  this  assumption,  and  dividing  both  sides  of 
the  equations  by  the  appropriate  mass  terms.  Equations  6.38  -  6.40  and  6.46  -  6.48 
simplify  to  give: 
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These  are  now  linear,  second  order  differential  equations.  These  equations  can  now 
be  used  to  perform  the  second  step  in  the  iterative  design  process. 

The  linear  equations  of  motion  can  be  converted  to  a  state  spcice  representation 
by  defining  a  new  set  of  variables  as  described  by  Franklin,  et  al  (26:362  -  363).  The 
process  yields  12  first  order  differential  equations  that  are  described  by  the  matrix 
equations: 

X  =  Fx  +  Gu  (J.7) 

y  =  Hx  (J.8) 


where  x  is  the  state  vector,  F  is  the  system  matrix,  G  is  the  input  matrix,  u  is  the 
input  vector,  y  is  the  output  vector,  and  H  is  the  output  matrix.  The  state  vector 
contains  the  relative  position  components,  the  orientation  angles,  and  their  rates: 


X  =  [ 6r  Vo^v  VoSi/  Sz  6z  tjj  (j)  ^  0 


(J.9) 


The  system  matrix  is  formed  from  the  coefficients  of  the  left  hand  side  terms  of  the 
converted  12  first  order  differential  equations.  This  process  results  in  the  system 
matrix,  F: 

(J. 

where 


Fi  0 

F2  F3 
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0  0  0  0  0  0 
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and 

Cl  =  (C-  B)  Cs  =  {A-  C) 

C2  =  (-A-B  A  C)  C4  =  (B-A) 

The  input  vector  consists  of  the  currents  of  the  ten  conductors  and  the  thrust  of  the 
augmentation  thrusters: 

«  =  [t'l  ^2  *3  U  h  H  *7  *8  *9  *10  Fth]^  (J-11) 

The  coefficients  of  the  conductor  currents  and  the  thruster  terms  in  the  linearized 
equations  of  motion  are  cissigned  to  the  input  matrix.  The  input  matrix,  G,  is  then: 

G  =  Gi  Gi  (J.12) 
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Note  that  due  to  the  presence  of  the  5-field  terms  in  G,  it  is  actually  time  variant 
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at  orbit  rate.  This  makes  the  control  problem  linear  and  time  variant.  The  output 
vector  consists  of  the  three  relative  positions  and  the  orientation  angles: 

y  =  [Sr  ToSu  Sz  xj)  (j>  6]^  (J.13) 

The  output  matrix  is  then: 

1  00000000000 

OOlCOOOOOOOO 

000010000000 
H  =  (J.14) 

000000100000 
000000001000 
0000000000  1  0 

The  goal  of  the  SFP  design  process  is  to  design  a  platform  that  is  capable  of  con¬ 
trolling  all  six  outputs.  This  can  be  achieved  by  designing  the  SFP  so  it  is  fully 
controllable  and  fully  observable  from  a  multivariable  control  standpoint. 

J.2  Controllability  and  Oboervability 

A  system  is  completely  controllable  if  and  only  if  the  system  can  be  transferred 
from  any  initial  state,  a:,,  at  any  initial  time,  to  any  final  state,  x[tj)  =  x/,  within 
a  finite  time,  tj  —  ti  (68'2.42).  Complete  controllability  implies  that  all  poles  of  the 
system  can  be  moved  using  feedback.  A  simple  test  to  check  a  system’s  controllability 
uses  the  controllability  matrix.  Me,  given  by: 

Me  =  G  \  FG  \  F^G  I  •••  I  (J.IS) 

where  n  is  the  number  of  states  in  the  system.  If  the  rank  of  Me  is  equ?!  to  n,  then 
the  system  is  completely  controllable.  If  the  rank  is  less  than  n,  the  system  is  not 
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completely  controllable,  and  the  rank  defect  of  Me  {n  —  rank  (Me))  tells  how  many 
system  poles  are  uncontrollable. 

A  system  is  said  to  be  completely  observable  if  every  initial  state  x  (t,)  can  be 
exactly  determined  from  the  measurements  of  the  output  y  (t)  over  a  finite  interval 
of  time  ti  <  t  <  tf.  Complete  observability  implies  every  state  x  (t)  affects  the 
output  y  (<).  A  simple  test  to  check  a  system’s  controllability  uses  the  controllability 
matrix,  Mo,  given  by: 


Mo 


(J.16) 


If  the  rank  of  Mo  is  equal  to  n,  then  the  system  is  completely  observable.  If  the  rank 
is  less  than  n,  the  system  is  not  completely  observable,  and  the  rank  defect  of  Mo 
(n  —  rank  (Mo))  tells  how  many  system  poles  are  unobservable. 

Since  G  is  time  variant,  the  controllability  matrix  must  have  full  rank  for  adl 
time  for  the  system  to  be  completely  controllable.  Inspection  of  G  shows  there  to  be 
control  elements  containing  M3  for  each  of  the  controlled  state  equations.  Because  of 
the  constant  term  in  M3,  and  if  the  system  resulting  from  this  design  configuration 
is  controllable  at  any  time,  t,  it  will  be  controllable  for  all  time.  This  must  be  true 
since  the  Mi  terms  are  the  only  time  varying  terms  in  G.  As  a  result,  the  design 
proposed  by  Equations  J.7  -  J.14  is  completely  controllable. 


J.3  Linear  Quadratic  Regulator  Controller  Design 

Once  a  design  passes  the  controllability  check,  a  suitable  controller  must  be 
designed.  A  two  degree  of  freedom  controller,  using  a  linear  quadratic  regulator 
and  a  prefilter,  will  allow  for  tracking  a  reference  point  at  a  fixed  distance  and  ori¬ 
entation  and  good  disturbance  rejection.  The  tracking  of  the  reference  point  — 
set-point  tracking  —  is  needed  to  achieve  the  precision  docking  and  delivery  capa- 
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Figure  J.l  Top  level  block  diagram  of  the  SFP  control  system.  K  is  the  linear 
quadratic  regulator  gain  matrix  which  uses  full  state  feedback.  Mpf  is 
the  prefilter  matrix. 

bilities  required  of  the  SFP.  Good  disturbance  rejection  is  needed  to  compensate  for 
the  inherent  fluctuations  of  the  fi-field  as  well  as  other  environmental  disturbances. 

Figure  J.l  is  a  block  diagram  of  the  closed  loop  system.  As  can  be  seen  from 
the  diagram,  the  controller  uses  full  state  feedback;  if  this  were  not  the  case,  a  linear 
quadratic  estimator  could  be  included  in  the  feedback  path  to  build  an  estimate  of 
the  full  state.  The  linear  quadratic  regulator  uses  the  standard  quadratic  control 
cost  function  which  combines  the  weighted  states  and  weighted  controls  to  generate 
the  constant  gain  matrix,  K,  to  be  used  by  the  control  law: 

u  =  -A'x  (J.17) 

The  gain  matrix  will  be  optimal,  and  has  guaranteed  closed  loop  stability  mar¬ 
gins  (68:6.1  -  6.5,7.1). 
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When  the  feedback  loop  is  closed,  the  closed  loop  system  equations  become; 


X  =  Fx  +  Gu 

=  Fx  +  GiMpff,-Kx) 

=  {F  -GK)x  +  GMj,fr,  (J.18) 

y  =  Hx  (J.19) 

Assuming  there  is  no  noise,  this  set  of  equations  can  be  used  to  derive  an  optimal 
prefilter.  Under  the  eissumption  of  no  noise,  the  desired  performance  of  the  controller 
provides  set  point  tracking.  This  implies  that  under  steady  state  conditions,  the  state 
does  not  change  over  time,  and  thus  i;  =  0.  This  concept  can  be  used  to  derive  the 
prefilter: 


X  ■=  [F  —  GK)  X  -f  GMpfTc 
0  =  {F-GK)x,,  +  GMpffc 

=  ~{F-GK)-^GMpff,  (J.20) 

With  some  reference  command,  fc,  if  the  set  point  tracking  is  error-free,  the  steady 
state  output,  y,,,  should  match  the  reference  command  perfectly  (i.e.  y„  =  Fc). 
Substituting  Equation  J.20  back  into  Equation  J.19  and  rearranging  gives  the  opti¬ 
mal  prefilter: 


Vss  — 

=  -H{F  -GK)~'  GMpfTc 

y„  =  -H{F-GK)-^GMpiy,,  (J.21) 
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For  this  to  be  true,  the  coefficient  of  the  right  hand  side  must  be  an  identity  matrix. 
Using  a  pseudo  inverse,  the  prefilter  matrix  C2ui  be  found: 


-  H  {F  -  GKy^  GMpf  =  U 

Mpf  =  [-HiF-GRy^Gy  (J.22) 


where  [•]  ^  denotes  the  pseudo  inverse  operator.  In  the  absence  of  noise,  this  prefilter 
matrix  will  insure  the  controller  tracks  a  reference  command  perfectly. 
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Appendix  K.  Heat  Transfer  Analysis  of  Translational  and  Attitude 

Control  Elements 

A  shielded  99  conductor  cable  is  the  thickest  conductor  loop  in  the  electro¬ 
dynamic  propulsion  system  of  the  SFP.  A  one  dimensional  heat  transfer  analysis  of 
the  cable  was  performed  to  insure  the  heat  transfer  is  sufficient.  The  designed  cable 
consists  of  99  individual  2  cm  aluminum  conductors  bundled  in  a  hexagonal  packing 
scheme  with  each  conductor  completely  insulated  by  asbestos.  All  spaces  between 
the  conductors  are  filled  with  asbestos  as  well.  The  cable  has  a  23.16  cm  diameter. 
A  10.14  mm  thick  cylinder  of  Netic  magnetic  shielding  material  surrounds  the  cable 
(see  Figure  K.l).  This  provides  19.78  m^  of  surface  area  from  which  the  heat  transfer 
must  occur  for  the  shielded  section  of  the  conductor.  The  heat  transfer  model  of 
the  shielded  cable  has  the  same  dimensions,  but  the  99  aluminum  conductors  are 
completely  replaced  with  asbestos  to  simulate  a  worst  case  thermal  conductivity  for 
the  cable  heat  source  (see  Figure  K.2).  The  thermal  conductivities  for  the  materials 
used  in  the  shielded  cable  are  listed  in  Table  K.l. 

All  the  power  generated  in  the  cable  is  dissipated  into  space  by  conducting 
outward  from  the  core  of  the  cable  to  the  surface  of  the  shield  and  then  radiating 
to  the  space  environment.  If  the  shielded  cable  is  not  designed  correctly,  the  core 
temperature  could  exceed  the  melting  points  of  the  materials  of  which  it  is  made. 
The  correct  design  is  influenced  by  many  variables.  Only  the  most  influential  vari¬ 
ables  were  considered  in  this  analysis  and  any  uncertainty  was  compensated  for  by 


Material 

Thermal  Conductivity  (k)-IF/m  •  °C 

Aluminum  Conductor 

204.00 

Asbestos  Insulation 

0.20 

Netic  Magnetic  Shield 

49.41 

Pyrex  Glass 

1.40 

Table  K.l  Thermal  conductivities  of  the  materials  used  in  the  shielded  cable. 
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Figure  K.l  The  designed  shielded  cable  with  99  aluminum  conductors  insulated  by 
asbestos. 


Figure  K.2  The  modeled  shielded  cable  with  low  thermal  conductivity  asbestos 
completely  replacing  the  conductors 
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implementing  a  l<irge  safety  factor.  The  methodology  of  the  analysis  was  to  deter¬ 
mine  the  worst  case  temperature  at  the  core  of  the  cable  by  back-propagating  the 
temperature  from  outside  the  shielded  cable  into  the  core. 

The  external  shield  is  coated  with  a  spectrally  selective  material  (76:146-152). 
This  coating  is  highly  reflective  at  the  shorter  wavelengths  associated  with  the  Sun, 
and  highly  emissive  at  the  longer  wavelengths  associated  with  heat  emission.  White 
paint  is  a  popular  coating  (76:152).  With  an  emissivity  near  1,  the  radiation  of  the 
power  from  the  surface  of  the  shield  is  governed  by  the  equation  (34:15): 

i'^R^q^aA^iT^-T^)  (K.l) 


q  =  the  heat  transfer  rate 

a  =  the  Steffan-Boltzmann  constant  (5.669  x  10“*W/m^  •  °K*) 

A2  =  the  surface  area  of  the  shielded  cable 
T2  =  the  surface  temperature  of  the  shield 

Too  =  the  approximate  temperature  of  space  at  an  orbital  altitude  of  400  km 
{2SS°K)  (77:3-5) 

Incident  radiation  from  the  Sun  is  assumed  reflected  ajid  not  considered. 

A  maximum  current  of  261.5  A  in  each  conductor  of  the  cable  creates  the  worst 
case  power  dissipation  requirement: 


pRma^  =  U,  217  W 


From  Equation  K.l,  the  surface  temperature  of  the  shield  {T2)  can  be  deter¬ 


mined: 


T2  =  374.0  “/f  =  101.0 
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The  temperature  between  the  cable  and  the  shield  (Ti)  is  determined  with  the  equa¬ 
tion  for  heat  transfer  through  a  cylinder  (34:32): 


^T^KhMd{Tl  -  T2) 

9  = - TTT - 

ri  rj 

kahieid  —  thermal  conductivity  of  the  shield 
ri  =  inner  radius  of  the  shield 
r2  =  outer  radius  of  the  shield 

Tx  =  iie.o^c 


(K.2) 


Under  steady  state  conditions  for  this  one  dimensional  analysis,  the  tempera¬ 
ture  at  the  core  of  the  cable  is  approximated  with  the  equation  (38:97): 

To  =  -^  +  Ti  (K.3) 

4:kcable 

where,  q*  =  the  heat  transfer  rate  per  unit  volume,  and: 


To  =  343.1 


Note,  the  lower  thermal  conductivity  of  an  all  asbestos  cable  was  used  to 
simulate  a  worst  case  core  temperature.  Actual  aluminum  conductors  would  decrease 
the  core  temperature  significantly.  Even  with  the  thermal  conductivity  of  cisbestos, 
the  maximum  temperature  anywhere  in  the  shielded  conductor  under  the  maximum 
load  is  343.1  °C.  This  is  1.91  times  less  than  the  melting  point  of  aluminum  (657  °C) 
and  4.47  times  less  than  the  melting  point  of  Netic  (1532  °C).  It  is  therefore  assumed 
that  a  heat  transfer  problem  does  not  exist  with  the  SFP’s  translational  conductor 
design. 

The  same  type  of  process  as  above  must  also  be  carried  out  for  the  attitude 
control  coiled  conductors.  Because  of  the  difference  in  geometry,  several  changes 
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Figure  K.3  The  portion  of  the  coiled  conductor  integrated  truss  showing  the  con¬ 
figuration  of  an  attitude  control  coiled  conductor. 

must  be  made  to  the  analysis  process.  The  worst  case  analysis  is  of  a  137  turn  coiled 
conductor,  wrapped  in  ten  layers.  Each  wire  is  coated  with  insulation  such  as  Pyrex 
glass  (see  Table  K.l).  The  coiled  conductor  has  the  geometry  of  a  hollow  cylinder 
(see  Figure  K.3).  The  outer  radius  is  1.9  m  and  the  inner  radius  is  1.7  m.  For 
analysis  purposes,  the  thermal  conductivity  is  assumed  to  be  uniform  and  equal  to 
that  of  the  Pyrex  glass. 

In  heat  transfer,  the  power  dissipated  by  each  surface  is  assumed  to  be  pro¬ 
portional  to  the  surface  area.  For  example,  if  the  inner  surface  were  one  third  of  the 
total  radiating  surface  area,  it  would  dissipate  one  third  of  the  power.  Thus,  the 
inner  and  outer  surface  temperatures  are  the  same. 

As  before,  the  external  coating  is  assumed  to  have  a  high  emmisivity,  so  the 
radiation  of  the  power  is  governed  by  Equation  K.l.  The  worst  case  power  dissipation 
requirement  is  a  result  of  a  maximum  current  of  334.8  A  in  the  137  turn  coiled 
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conductor.  The  power  is  then 


i^Rmax  =  14,588.6  W 

and  from  applying  Equation  K.l,  the  surface  temperature  of  the  coiled  conductor  is 
found  to  be 

Ti  =  466.9“  a:  =  193.9“C 

The  core  temperature  is  found  by  applying  the  temperature  distribution  across 
a  hollow  cylinder  (38:99) 

r(r)  =  +  Cilnr  +  C2  (K.4) 

^^cable 

where  Ci  and  Cj  are  constants  of  integration  determined  by  applying  the  initial 
conditions  r(1.7)  =  7’(1.9)  =  193.9°C.  Solving  Equation  K.4  with  the  initial 
conditions  for  the  radius  of  the  center  of  the  cylinder  wall  gives 

To  =  276.2°C 

As  before,  even  when  assuming  less  than  ideal  heat  transfer  conditions,  the 
maximum  core  temperature  of  any  coiled  conductor  is  276.2°C.  This  is  2.4  times 
less  than  the  melting  point  of  aluminum.  Based  on  this  analysis,  the  heat  transfer 
problem  does  not  exist  for  the  attitude  control  elements  of  the  SEP. 
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Appendix  L.  Determination  of  Magnetic  Shield  Thickness 

The  required  thickness  of  the  magnetic  shielding  material  can  be  easily  deter¬ 
mined  from  the  strength  of  the  Z?-fields  that  must  be  blocked.  The  thickness  was 
determined  by  following  the  instructions  for  an  “off-the-shelf”  shielding  material 
manufactured  by  the  Magnetic  Shield  Corporation  (54).  The  procedure  consists  of 
determining  the  strength  of  the  5-field,  and  then  calculating  the  required  thickness 
to  block  a  field  of  that  strength.  The  maximum  magnetic  fields  are  created  when  the 
two  main  conductors  are  operating  at  their  maximum  currents.  These  two  99  turn, 
22.78  cm  diameter,  conductors  reach  their  maximum  currents  of  261.5  A  during  a 
steady-state  i2-bar  maneuver  at  a  distance  of  -60  m. 

The  5-fields  associated  with  the  Earth  (5e),  the  shielded  portion  of  the  con¬ 
ductor  cable  (Bat),  the  unshielded  portion  of  the  conductor  cable  (5„/),  and  the 
coiled  conductors  (Bcc)  were  considered  for  shielding  requirements.  For  analysis,  the 
contributions  of  the  5-fields,  in  terms  of  their  strengths,  5,  were  determined.  The 
strength  of  a  5-field  is  calculated  by  applying  the  relation  (24:3): 


where  5  is  the  sum  of  the  fields  under  consideration,  and  fx  is  the  permeability  of  the 
medium  containing  the  field.  The  units  for  H  are  Afm.  In  this  analysis,  the  5-fields 
emanate  from  their  sources  to  the  shield  in  free  space.  The  free  space  permeability 
constant,  fig,  was  used.  The  5-fields  for  the  conductor  sources  are  calculated  using: 

5  =  ^ 

27rr 
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and  are  estimated  to  be 


B,  =  5.40  X  10-®  T 


Bsi  = 

(4jrxl0~^  (T-m)/.4)(261.5  i4/<urn)(99  turns) 

=  4.47  X 

10-=* 

2ir(.1158m) 

Bui  = 

(4)rxl0~^  (T-m)/.4)(261.5  A/turn)l9&  turns) 

=  3.36  X 

10-^ 

27r(1.5368m) 

Bcc  = 

(4irx  10~^  (T-m)/j4)(1.2  A/furn)(10  turns) 

=  1.09  X 

10-® 

2ir(2.0947  m) 

Summing  these  B-fields  gives 


H  = 


4.81  X  IQ-^  T 
Air  X  10~^  {T  ■  m)lA 


38,289 


m 


With  the  field  strength  calculated,  the  magnetic  flux  capacity  {B shield)  a  shield 

of  a  given  thickness,  t,  can  be  determined.  Again,  the  relation  of  Equation  L.l  is 
applied;  however,  the  permeability,  fi,  is  that  of  the  shield,  not  free  space.  The 
Magnetic  Shield  Corporation’s  instructions  approximate  /i  with  (54): 

(1.571  X  10-®)/) 

^  = 1 - 


(L.2) 


where  D  is  the  diameter  of  the  shell  and  t  is  the  thickness  of  the  shield.  The  maximum 
desired  magnetic  flux  capacity  is  1.375  T.  Combining  equations  and  rearranging  to 
find  t: 


^  _  (1.571  X  10-®  {T  m)lA)DH 
Bshield 

(1.571  X  10-®  {T  •  m)/A)(231.6  mm)(38,289  Ajm) 

1.375  T 

t  =  10.13  mm 

The  Magnetic  Shield  Corporation  produces  four  types  of  magnetic  shielding  mate¬ 
rial  (54).  One  type,  Netic,  is  rated  to  2.10  T  and  has  the  lowest  specific  gravity 
(7.86). 


(L.3) 

(L.4) 

(L.5) 
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An  additional  check  was  accomplished  to  insure  the  outer  most  conductor  of 
the  cable  did  not  exceed  the  flux  capacity  of  the  designed  shield  because  of  its  small 
distance  from  the  shield.  A  2  cm  aluminum  conductor,  with  a  current  of  261.5  A, 
has  a  4162  Ajm  field  strength  at  its  surface.  A  conductor  cable  made  up  of  99 
individual  2  cm  aluminum  conductors  under  the  same  conditions  has  a  38,289  Ajm 
field  strength  on  its  surface.  The  contribution  from  the  outermost  conductor  is  less 
than  that  of  the  entire  cable  and  does  not  saturate  the  shield. 

To  achieve  the  desired  shielding  capability  for  the  electrodynamic  propulsion 
system,  a  10.14  mm  thick  Netic  shield  was  chosen.  This  shield  will  be  used  for  all 
shielding  applications  on  the  SFP. 
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Appendix  M.  Tracking  and  Performance 


The  MATLAB  programs  generate  a  wide  variety  of  data  that  can  be  used 
to  analyze  the  SFP’s  design  and  performance.  The  time  history  design  program 
generates  data  over  time  for  a  specific  point  in  the  orbit.  The  data  shows  the  time 
babied  stability  of  the  controller.  If  the  outputs  versus  time  are  straight,  flat  lines, 
the  controller  was  assumed  to  be  stable  over  time.  The  orbit  history  design  program 
generates  data  for  a  short  time  slice  at  multiple  points  around  an  orbit.  Once  a  stable 
design  and  controller  have  been  designed,  the  time  history  design  program  is  called 
recursively  —  for  very  short  time  intervals  —  using  initial  conditions  and  reference 
command  inputs  for  numerous  points  around  an  orbit,  so  as  to  simulate  the  SFP 
moving  through  its  orbit.  This  data  can  be  used  to  show  how  controller  gains  would 
have  to  be  scheduled  to  correct  for  the  changing  B-field  as  the  SFP  orbits  the  Earth. 

M.l  Time-History  Program  Outputs 

M.1.1  Numerical  Output  Data.  The  following  output  shows  the  final 
SFP  design  performance  data  output  generated  by  the  program  for  the  specific  R- 
bar  maneuver  for  which  the  SFP  was  designed  to  accomplish; 

mxxm«xmxmxxxmxxuxmxtxxxxxmxx%xxxx%«xxxxxxxxxxxxxxxxxmxxxxxxtxxxx 

Space  Fabrication  Platfoxa 
Design  Inalysis  Prograa 

Payload  Hass  (kg)  »  31300 

The  diameter  of  the  conductor  sire  (in  cm)  •  2 
The  letic  shield  thickness  (b)  >  1.0140e+001 

Length  (LCD  of  main  conductor  toser  Cl  (m)  =  25 
■umber  of  tnms  in  conductors  Cl  >  99 

The  effectire  total  length  (LI)  of  conductors  Cl  (m)  >  2475 

Length  (LC2)  of  main  conductor  toser  C2  (m)  >  25 
■umber  of  turns  in  conductor  C2  ^  99 

The  effective  total  length  (L2)  of  conductors  C2  (m)  >  2475 

Length  (LC3)  of  cross  conductor  toser  C3  (m)  ■  25 

■umber  of  turns  in  conductors  C3  >  1 

The  effective  total  length  of  conductors  C3  (m)  =  25 
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Laiiftlt  (LC4)  of  Bain  condnctor  toaor  C4  (■)  •  36 
■nidior  of  torn*  In  condnctor  C4  ■  1 

Tho  off  act  1*0  total  longth  (L4)  of  condnctora  C4  (■)  ••  35 

Longtli  (LCS)  of  polo  conductor,  CS  (■)  •  37 

■uadior  of  tnma  in  conductor  CS  ■  31 

Tho  offoctioo  total  langth  of  conductor  C8  (>)  ■  567 

ftadins  (r6)  of  coilod  conductor  conductor,  C6  (■)  ■  1.9000o>000 
Length  (L*ol6)  of  coilod  conductor,  C6  (■)  •  3.8000o-001 
■nabor  of  turns  in  conductor  coilod  condnctor  C6  •  137 

Badlns  (r7)  of  coilod  condnctor  condnctor,  C7  (■)  •  l.SOOOo+OOO 
Length  (L*ol7)  of  coilod  condnctor,  C7  (■)  ■  3.8000o-001 
lunbor  of  turns  in  condnctor  coilod  conductor  C7  ■  137 

Kadins  (r8)  of  coilod  conductor  conductor,  C8  (b)  ■■  l.SOOOoOOOO 
Length  (LsolS)  of  coilod  conductor,  C8  (a)  •  3.0000o-003 
■nabor  of  turns  in  condnctor  coilod  conductor  C8  ■  1 

Radius  (rS)  of  coilod  conductor  conductor,  C9  (a)  •  1.90000*000 
Length  (Lsol9)  of  coilod  conductor,  C9  (a)  •  3.0000o-003 
■nabor  of  turns  in  condnctor  coilod  condnctor  C9  «  1 

Radius  (rlO)  of  coiled  conductor  conductor,  CIO  (a)  •  1.9000o*000 
Length  (LsollO)  of  coilod  conductor,  CIO  (a)  •  1 
■nabor  of  turns  in  conductor  coilod  conductor  CIO  >  497 

Coilod  Conductor  Support  Truss  Length  (a)  '  4.8600o*000 
Coilod  Condnctor  Support  Truss  Hidth  and  Height  (a)  *  4.3000o*000 
Coilod  Conductor  Support  Truss  Russ  (kg)  ■  1.9440o*003 

Total  Platf ora  Hass  ■  1.1061o-H>0S 

Prlnciplo  aoaont  of  Inortia,  4  -  z  direction  (kg-a*3)  >4.10010*007 

Principle  aoaont  of  inortia,  B  ~  7  direction  (kg-a*3)  >1.3603o*007 

Principle  Boaont  of  inortia,  C  -  z  direction  (kg-a*3)  >3.0756o*007 

Altltndo  of  roforonco  orbit  (ka)  >  400 

Orbital  Boan  aotion  (rad/s)  >1.1316o-003 

Trua  Anoaalj  (no)  to  sork  nlth  (dog)  >  3630 

What  is  the  sldoroal  tiao  ?  169.4630 

What  is  the  orbit  inclination  ?  38.5 

What  is  the  right  ascension  of  tho  ascending  node  >  0 

Enter  tho  roforonco  ciiniiid  data 

What  is  the  ooluo  of  z  to  attain  and  track  (a)  ?  -40 

What  is  the  Talus  of  y  to  attain  and  track  (a)  ?  40 

What  is  the  valno  of  z  to  attain  and  track  (a)  ?  40 

What  is  tho  angle  of  yas  to  attain  and  track  (dog)  ?  5 

What  is  the  angle  of  roll  to  attain  and  track  (dog)  ?  -5 
What  is  tho  angle  of  pitch  to  attain  and  track  (dog)  ?  -5 

Enter  the  initial  condition  data 

What  is  the  initial  Talus  of  z  (a)  ?  -40 

What  is  tho  initial  Taluo  of  y  (a)  ?  40 

What  is  the  initial  Tslno  of  z  (a)  ?  40 

What  is  tho  initial  Tslne  of  the  yas  angle  (dog)  ?  6 

What  is  the  initial  Talus  of  tho  roll  angle  (dog)  ?  -6 

What  is  the  initial  Taluo  of  tho  pitch  angle  (dog)  ?  -5 

Hon  long  of  a  tiao  rosponso  to  plot  (a)  ?  6400 
■nabor  of  tiao  increaonts  (data  points)  ?  540 

The  (Fsys,0sys)  syatoa  is  coapletely  controllable. 
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Th«  (Fsys.Hsys)  systw  is  coa|>l«t«l}  obs*r*«bl«. 

■•ighting  on  tha  atata  aaighting  aatria  Q  ~  1 
Vaigbting  on  tha  control  aal^ting  ■atriz  1*1 

Razima  cnrrant  raqnirad  in  condnctor  Cl  (!)■  1.7l73a‘K>02 
Raziana  entrant  ra<)nirad  In  condnctor  C2  (A)"  1.7434o'»003 
Razlana  cnrrant  ra<inirad  In  condnctor  C3  (A)*  -1 .407eo'K>00 
Raziana  cnrrant  ratjnirad  in  condnctor  C4  (A)~  -1.2470aa001 
Raziana  cnrrant  raqnirad  in  condnctor  C5  (A)*  1 . 5419a'«<X>2 
Raziana  cnrrant  raqnirad  in  condnctor  C0  (A)~  6.2323a+001 
Raziana  cnrrant  raqnirad  in  condnctor  C7  (A)*  5. 23230-^)01 
Raziana  cnrrant  raqnirad  in  condnctor  C8  (A)*  -1.0934a-001 
Raziana  cnrrant  raqnirad  in  condnctor  C9  (A)*  -1.6934a-001 
Raziana  cnrrant  raqnirad  in  condnctor  CIO  (A)~  -8.1211a'»001 
Raziana  thmst  raqnirad  in  thmstar  (Da  -2 . lASOa-tOOl 

Raziana  radial  forca  in  condnctor  Cl  (■)■  8.43480-^)00 
Raziana  oop  forca  in  condnctor  Cl  (■)>  1.3486a-K)01 

Raziana  radial  forca  in  condnctor  C2  (!)>  8.S028a-H)00 
Raziana  oop  forca  in  condnctor  C2  (■)•  1.3691a-K)01 

Raziana  radial  forca  in  condnctor  C3  (!)■  -1.6808a-004 
Hazima  ip  lataral  forca  in  condnctor  C3  (■)■  1.1166a-003 

Raziana  radial  forca  in  condnctor  C4  (!)■  -1.4890a-003 
Raziana  ip  lataral  forca  in  condnctor  C4  (■)■  9.8918a-003 

Raziama  ip  lataral  forca  in  condnctor  C6  (■)>  -1 . 7349a-K)00 
Raziana  oop  forca  in  conductor  CS  (■)■  -4.1768a-001 

Oistribntad  radial  forca  in  condnctor  Cl  (l)a  3.3739a-001 
Oiatrlbntad  oop  forca  in  conductor  Cl  (■)>  S.3946a'001 

Diatribntad  radial  forca  in  condnctor  C2  (D*  3.4251o-001 
Distribntad  oop  forca  in  condnctor  C2  (D*  6.4764a-001 

Diatribntad  radial  forca  in  condnctor  C3  (D>  -6.7233a-006 
Distribntad  ip  lataral  fores  in  condnctor  C3  (I)>  4.4663a-005 

Distribntad  radial  forca  in  condnctor  C4  (■}'•  -S.9661s-005 
Distribntad  ip  lataral  forca  in  condnctor  C4  (■)»  3.9&66s-004 

Distribntad  ip  lataral  forca  in  condnctor  C6  (■}•  -6.4267a-002 
Distribntad  oop  forca  in  condnctor  C6  (■)>  -l.S486a-002 

Tbs  nazinoB  Cl  torqna  aronnd  bl  (■-■}  >  1.8858a-K)02 

Tba  nazijniB  Cl  torqna  aronnd  bl  (■-■}  <■  -1 . 0643a-K)02 

Tba  naziana  C2  torqna  around  bl  (I-a)  ■  -1 .7114e-H)02 

Tba  aaziana  C2  torqna  aronnd  bl  (I-a)  >  1.0704o->003 

Tba  aaziana  C3  torqna  aronnd  bl  (I-a)  »  -1.3967a-002 

Tba  aaziana  C3  torqna  aronnd  bl  (I-a)  •  -2.1010a-003 

Tba  aaziaoB  C3  torque  aronnd  bl  (I-a)  •  -4.6337a-003 

Tba  aaziana  C4  torqna  aronnd  bl  (I-a)  >  1.2364a-001 

Tba  aaziana  C4  torqna  aronnd  bl  (I-a)  >  1.8613a-002 

Tba  aaziana  C4  torqna  aronnd  bl  (I-a)  •  -4.10SOa-002 

Tba  aaziana  CS  torque  aronnd  bl  (I-a)  °  -8.2681a-HX)0 

Tbs  aaziana  CS  torqna  aronnd  bl  (R-a)  •  3.43S2a-K)01 

Tba  aaziana  C6  torqna  aronnd  bl  (I-a)  »  1 .6133a-K)00 

Tba  aaziana  C6  torqna  aronnd  bl  (I-a)  >  2.579Se-K)00 
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Tli«  Baziaiia  C7  torqa*  aroond  bl  (■-■}  •  1.6133«>000 

Tba  Baxima  C7  tozqna  azoand  bl  (■-■}  •  3.S79Sa+000 

Tba  Baziana  C8  tozqaa  azoand  bl  (l-a)  ~  -9 . 1731a-006 

Tba  Baziana  C8  tozqaa  azoand  bl  (I-a)  »  8.0937o-006 

Tho  aaxiaaB  C9  tozqao  azoand  bl  (I-a)  "  -9.1731o-006 

Tba  Baziana  C9  tozqao  azoand  bl  (l-a)  *  6.0937a-005 

Tba  Baziana  CIO  toz<tna  azoand  bl  (l-a)  ■  9.0639^*000 
Tba  Baziana  CIO  tozqna  azoand  bl  (l-a)  •  S.lSMaaOOO 

Haziana  aaztlcal  (z)  fozca  zaqaizad  (!)  >  1.6990aa001 

Raziana  bozizontal  in-plana  (j)  fozca  zaqaizad  (1)  >  1.7239a-HX>0 

Raziana  bozizontal  ont-of-plana  (z)  fozca  zaqaizad  (I)  •  S .2896»*000 

Raziama  aoaant  abont  z  zaqaizad  (l-a)  >  7.771Sa-001 
Raziana  aoaant  abont  j  zaqaizad  (I-a)  •  8.32SOa'0Ol 
Raziana  aoaant  abont  z  zaqaizad  (l-a)  *  4.32S2aa001 

Tba  zasiatanca  of  condactoz  Cl  (Obaa)"  4.1833a-001 
Tba  zaaiatanca  of  condactoz  C2  (ObBn)>  4.1833a-001 
Tba  zaaiatanca  of  condactoz  C3  (Obaa)>  4.22S6a-003 
Tba  zaaiatanca  of  condactoz  C4  (Obaa)>  4.22S6a-003 
Tba  zaaiatanca  of  condactoz  CS  (ObBa)a  9.6836a-002 
Tba  zaaiatanca  of  condactoz  C6  (Obaa)"  1.3094a-001 
Tba  zaaiatanca  of  condactoz  C7  (Obaa}a  1.3094a-001 
Tba  zaaiatanca  of  condactoz  C8  (Obaa}a  1.0038a-003 
Tba  zaaiatanca  of  condactoz  C9  (Obaa)"  1.0038a-003 
Tba  zaaiatanca  of  condactoz  CIO  (Ohaa)a  4.7S03a-001 

Total  Condactoz  Raaiatanca  (Obaa)  >  1. 67990^000 

Tba  aaziBOB  ponaz  zaqaizad  (bl)  »  7.5190a+001 
Tba  Baziana  zoltaga  zaqaizad  (V)  2.1189a'K)02 

Raz  alloaad  abiald  innaz  aarfaca  taapazataza  (dag  C)  •  1021 
Raz  alloaad  condactoz  bandla  cozo  toiq>azataza  (dag  C)  »  438 

Condactoz  Cl  abiald  innaz  aazfaca  and  coza 

ta^azatnzoa:  Tl,  TO  (dag  C)  -  6.7208a+001  1.6479a+002 
Safatj  factoza  «  2.2798a+001  3.9868a+000 

Condactoz  C2  abiald  innaz  atizfaca  and  coza 

taapazatazaa :  Tl,  TO  (dag  C)  •  fi.SSdla-tOOl  1.6911aa002 
Safat;  factoza  >  2.2361a-)-001  3.8860o'f000 

Condactoz  C3  abiald  innaz  aazfaca  and  coza 

taapazatazaa:  Tl,  TO  (dag  C)  «  1.6001a+001  l.SOOla+001 
Safaty  factoza  >  1.0213a-»002  4.3798a-K)01 

Condactoz  C4  abiald  innaz  aazfaca  and  coza 

taapazatazaa;  Tl,  TO  (dag  C)  >  1.50460+001  l.SOSla+OOl 
Safaty  factoza  <•  1.0182o+003  4.36S2e+001 

Condactoz  C5  abiald  innaz  aazfaca  and  coza 

teapezatazea:  Tl,  TO  (dag  C)  =  3.4588a+001  5.1275e+001 
Safaty  factoza  -  4.4293a+001  1.28130+001 

Condactoz  C6  coiled  condactoz  coze  taapazataza:  TO  (dog  C)  >  2.6877o+001 

Safaty  factoz  »  2.4444a+001 

Condactoz  C7  coiled  condactoz  coze  taapezatazo;  TO  (deg  C)  -  2.8877a+001 

Safaty  factoz  ■  2.4444a+001 


M-4 


Conductor  C8  coilod  conductor  coro  tonporatnro;  TO  (dog  C)  ■>  l.SOOOo+001 

Safotj  factor  ■  4.3800ao001 

Conductor  C9  coilod  conductor  coro  toiqtoraturo:  TO  (dog  C)  *  l.SOOOo+OOl 

Safoty  factor  •  4.38000-^1 

Conductor  CIO  coilod  conductor  coro  toaporaturo:  TO  (dag  C)  •  4.3538a'»001 

Saf aty  factor  ■  1 . 6448ao001 

xxxxxxxxmxnxxxxxxxxxtmxxxxxxsxxmtxxttsmxmsmmtxxxxxxxxtxxxsttxsxxtxx 

M.1.2  Graphical  Output  Data.  This  section  shows  the  data  plotted  by  the 
time-history  design  program  for  the  SFP  final  design  configuration.  The  following 
plots  correspond  to  the  data  listed  in  the  previous  section.  The  flat  lines  on  the 
plots  show  the  controller  is  stable.  The  flat  lines  on  the  position  plots  show  that  the 
controller  can  precisely  track  the  reference  position. 
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Figure  M.l  Time  history  of  current  Cl. 


M-5 


Conductor  2  (C2)  Current 
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Figure  M.2  Time  history  of  current  C2. 
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Conductor  3  (C3)  Current 
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Figure  M.3  Time  history  of  current  C3. 
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Conductor  4  (C4)  Current 


Time  (s) 

Figure  M.8  Time  history  of  current  C8. 


Figure  M.9  Time  history  of  current  C9. 
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Conductor  10  (ClO)  Currant 


0  1000  2000  3000  4000  5000  6000 

Tima  (a) 

Figure  M.IO  Time  history  of  current  CIO. 


Z-Mi  Thrust  Raquired 
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Figure  M.ll  Time  history  of  the  ^-axis  thrust  required. 
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Total  Poaier  Requirad 


Figure  M.12  Ti.ne  history  of  the  total  power  required. 


Total  Voitage  Raquirad 
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Figure  M.13  Time  history  of  the  total  voltage  required. 
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Radial  Position 
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Figure  M.14  Time  history  of  the  tracking  of  the  desired  radial  position. 
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Figure  M.15  Time  history  of  the  tracking  of  the  desired  in-path  position. 
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Out-o(- Plan*  Position 


Figure  M.16  Time  history  of  the  tracking  of  the  desired  out-of-plane  position. 


Along-Path  Position  vs  Radial  Position 


Along-Path  Position  (m) 

Figure  M.17  Time  history  of  the  tracking  of  the  desired  radial  position  versus  the 
path  position. 
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Out-of-Plane  PoaHlon  va  Radial  Poaiiion 


Out-of-Plana  Poaition  (m) 

Figure  M.18  Time  history  of  the  tracking  of  the  desired  radieil  position  versus  the 
out-of-plane  position. 


Out-of-Plana  Position  vs  Along-Paiti  Position 


Out-of-Plane  Position  (m) 

Figure  M.19  Time  history  of  the  tracking  of  the  desired  path  position  versus  the 
out-of-plane  position. 
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Figure  M.20  Time  history  of  the  tracking  of  the  desired  yaw  orientation. 


Roll  OrieniBtion 
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Figure  M.21  Time  history  of  the  tracking  of  the  desired  roll  orientation. 


Pitch  OrMnialion 


Time  (a) 

Figure  M.22  Time  history  of  the  tracking  of  the  desired  pitch  orientation. 


Force  in  Radial  Direcdon 
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Figure  M.23  Time  history  of  the  radial  force  required  to  track  the  desired  position. 
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Fo(o»  in  Radial  Oiraciion 
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Figure  M.24  Time  history  of  the  in-path  force  required  to  track  the  desired  position. 


Force  in  Out-of-Plane  Direction 


Tknofs) 

Figure  M.25  Time  history  of  the  out-of-plane  force  required  to  track  the  desired 
position. 
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Figure  M.26  Time  history  of  the  moment  about  6i-axis  required  to  track  the  desired 
orientation. 
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Figure  M.27  Time  history  of  the  moment  about  62-axi3  required  to  track  the  desired 
orientation. 
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Figure  M.28  Time  history  of  the  moment  about  63-axis  required  to  track  the  desired 
orientation. 


M.2  Orbit- History  Program  Outputs 

M.2.1  Multiple  Orbit  -  Design  R-Bar  Standoff.  The  following  plots  show 
the  total  power  required,  the  currents  in  each  of  the  conductors,  the  thrust  required 
from  the  augmentation  thrusters,  and  the  core  temperatures  of  the  conductors  using 
high  current.  The  data  for  conductors  C8  and  (79  is  not  included  —  these  conductors 
are  almost  completely  unused  by  the  controller,  and  their  currents  are  nearly  zero. 
The  plots  emulate  the  gain  scheduling  required  over  the  period  of  one  revolution  of 
the  earth: 
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Total  PoMMr  Required  ProNe 


Figure  M.29  Orbit  history  of  power  required. 


Currents  -  Conductor  Cl ,  Conductor  C2 


Figure  M.30  Orbit  history  of  Cl  and  C2  currents  required. 
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Cora  Tampemiui*  -  Conductor  Cl .  Condudor  C2 


Figure  M.35  Orbit  history  of  Cl  and  C2  core  temperatures  . 


Figure  M.36  Orbit  history  of  C5  core  temperature. 
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Core  Tempemiure  -  Conductor  C6,  Conductor  Cl 


Tiue  Anomaly  (d»i)) 

Figure  M.37  Orbit  history  of  C6  and  Cl  core  temperatures. 


Core  Temperature  •  Conductor  Cl  0 


True  Anomaly  (deg) 

Figure  M.38  Orbit  history  of  conductor  CIO  core  temperature. 
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M.2.8  Single  Orbit  -  Design  R-Bar  Standoff.  By  changing  the  range 
over  which  the  true  anomaly  changes,  the  plots  can  be  refined  to  a  narrow  window. 
These  types  of  plots  were  used  extensively  when  the  final  design  was  being  evaluated 
since  they  quickly  show  when  power,  current,  and/or  temperature  constraints  are 
exceeded.  The  following  plots  show  the  gain  scheduling  required  for  one  orbit: 


Figure  M.39  Orbit  history  of  total  power  required. 
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Current 


Currents  -  Conductor  C1 .  Cortducior  C2 


Figure  M.40  Orbit  history  of  Cl  and  C2  currents. 


Currents  •  Conductor  C3,  Conductor  C4 


Figure  M.41  Orbit  history  of  C3  and  C4  currents. 
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Figure  M.43  Orbit  history  of  (76  and  Cl  currents. 
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Figure  M.45  Orbit  history  of  the  thrust  required  from  the  augmentation  thrusters. 
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Temperature  (deg  C) 


Core  Temperatuiee  -  Conductor  Cl,  Conductor  C2 


Figure  M.46  Orbit  history  of  Cl  and  C2  core  temperatures. 


Core  Temperaturea  -  Conductor  C3,  Conductor  C4 


Figure  M.47  Orbit  history  of  C3  and  C4  core  temperatures. 
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S2.6i 


Com  Ton^Mmuro  -  Conductor  CS 


Figure  M.48  Orbit  history  of  conductor  C5  core  temperature. 


Coro  Temporature  -  Conductor  CS,  Conductor  C7 


Figure  M.49  Orbit  history  of  C6  and  C7  core  temperatures. 
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M.2.3  Single  Orbit  -  Maximum  R- Bar  Standoff.  The  following  plots  show 
the  single  orbit  requirements  for  the  maximum  capability  iZ-bar  standoff.  The  inter¬ 
val  chosen  includes  the  peak  power  requirement,  the  peak  current  requirement,  and 
maximum  temperature  reached  during  propulsion  system  operations.  The  interval 
is  one  orbit  of  the  SFP: 


Total  Potnw  Required  Profile 


True  Anomaly  (defl) 

Figure  M.51  Orbit  history  of  total  power  required. 
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True  AfMmaty  (deg) 

Figure  M.52  Orbit  history  of  Cl  and  C2  currents. 


Currant  -  Conductor  C3,  Conductor  C4 


Tore  Anomaly  (deg) 

Figure  M.53  Orbit  history  of  C3  and  C4  currents. 
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Current  •  Conductor  CS 


Figure  M.54  Orbit  history  of  conductor  C5  current. 


Thrust  Required  Profile 


Figure  M.55  Orbit  history  oi  the  thrust  required  from  the  augmentation  thrusters. 
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Cora  TwnperaAM  -  Condudor  Cl ,  ConducKK  C2 


Figure  M.56  Orbit  history  of  C\  and  C2  core  temperatures. 


Cora  Tempemnira  -  Conductor  C3,  Conductor  C4 


Figure  M.57  Orbit  history  of  <73  and  C4  core  temperatures. 
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history  of  conductor  C5  core  temperature, 


Appendix  N.  Comparison  of  Conductor  Orientations  urith  the 

B  Field 

N.  1  Introduction 

In  Section  6.3.10  two  methods  of  orbit  transfer  were  defined:  Method  1,  track  a 
fixed  average  B-field  magnitude  and  direction  with  the  SFP  conductors,  and  Method 
2,  track  a  time-varying  fi-field  with  the  SFP  conductors.  Method  2  was  concluded 
to  be  most  efficient.  This  appendix  justifies  the  conclusion. 

N.2  Comparison  of  Method  1  and  Method  2 

To  compare  the  two  methods,  both  were  implemented  with  the  starting  con¬ 
ditions: 


Power  {P) 
At 


300  km 
28.5° 

77  kW 
2  hours 


The  results  were  then  compared.  The  total  acceleration  profiles  due  to  Fp  are  similar, 
but  Method  2  has  a  higher  minimum  and  maximum  acceleration  (see  Figure  N.l). 

A  comparison  of  the  component  accelerations  in  the  velocity  vector  direction 
shows  that  over  a  2  hour  interval,  Method  2  provides  more  acceleration  than  Method 
1  (see  Figure  N.2).  Figure  N.2  also  graphically  shows  the  difference  between  assuming 
a  constant  orientation  versus  changing  the  orientation  to  track  the  B-field.  During 
the  oscillations  of  the  5-field,  the  vehicle’s  orientation  resulting  from  the  application 
of  Method  2  transitions  through  the  vehicle’s  orientation  resulting  from  the  appli¬ 
cation  of  Method  1  using  the  constant  5-field  assumption.  At  these  points,  the  two 
methods  produce  the  same  thrust.  The  long  term  increase  in  Method  I’s  useful 
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Figure  N.l  Acceleration  versus  time  for  Method  1  ( — )  and  Method  2  (•  •  •).  Method 
2  has  a  higher  minimum  and  maximum  acceleration. 


Figure  N.2  Method  1  ( — )  provides  less  acceleration  along  the  velocity  vector  than 
does  Method  2  (•••)• 
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Figure  N.3  Method  2  (•  •  •)  provides  less  useless  acceleration  in  the  out-of-plane 
direction  than  does  Method  1  ( — ). 

acceleration  during  this  period  results  from  Earth’s  rotation  chan'  i  g  the  B-field’s 
orientation.  The  out-of-plane  acceleration  profiles  are  almost  identical.  However, 
the  peaks  under  Method  1  are  broader,  indicating  more  time  is  spent  thrusting  out- 
of-plane.  This  out-of-plane  is  wasted  acceleration  (see  Figure  N.3).  A  comparison 
of  the  percentage  of  the  total  acceleration  contributing  to  an  acceleration  along  the 
velocity  vector  indicates  Method  2  is  slightly  more  efficient.  This  is  characterized  by 
the  broader  peaks  in  Figure  N.4. 

Because  the  forces  generated  by  the  propulsion  system  are  small,  and  the 
vehicle’s  mass  is  large,  the  actual  performance  differences  between  Method  1  and 
Method  2  is  small.  After  2  hours,  the  increase  in  orbital  radius  of  the  SFP  using 
Method  2  is  only  slightly  greater  than  when  using  Method  1  (see  Figure  N.5).  The 
major  difference  in  the  two  methods  is  the  induced  changes  in  inclination  and  line 
of  nodes.  Method  1  causes  larger  changes  in  both  inclination  and  the  line  of  n  des 
(see  Figures  N.6  and  N.7).  Using  Method  2  will  require  less  effort  to  counter  the 
undesired  out-of-plane  accelerations. 
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(28.Sdeg  1. 30Qkin,  77l«>,  2hours) 


Figure  N.4  Method  2  (•  •  •)  has  a  higher  percentage  of  the  total  acceleration  con¬ 
tributing  to  increasing  velocity  along  the  velocity  vector  than  Method 
1(~). 


(ZS.Sdeg  i,  300km,  771(Mr,  2hours) 


Figure  N.5  Method  1  ( — )  increases  the  SFP’s  altitude  by  0.77  km  in  2  hours  while 
Method  2  (•  •  •)  increases  the  altitude  by  0.82  km  in  the  same  time. 
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(28.Sdeg  i.  3001m.  77l(w,  2hou*) 


Figure  N.6  Method  1  ( — )  decreases  the  inclination  by  0.00114°  in  2  hours  while 
the  decrease  by  Method  2  (•  •  •)  is  0.00097°. 


Figure  N.7  Method  1  ( — )  increases  0  by  1.35  x  10  ^°  in  2  hours;  Method  2  (•  •  •) 
causes  an  increase  of  only  1.18  x  10“^  °. 
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These  same  trends  exist  for  longer  time  periods.  Applying  77  kW  for  2  days 
shows  the  same  general  trends,  although  changes  in  the  line  of  nodes  axe  cyclic  over 
the  course  of  a  day.  Based  on  the  results  of  the  comparison,  reorienting  the  SFP 
to  account  for  the  time-variations  in  the  5-field  will  provide  the  best  performance 
during  an  orbit  transfer. 

N.2.1  Current  and  Power.  It  is  apparent  from  the  equation: 

Tp  =  iLxB  (N.l) 

the  current  should  be  maximized  to  maximize  the  propulsive  force.  However,  the 
power  available  to  generate  the  current  is  limited.  The  power  required  is  given  by 
the  equation: 

P  =  i[(vxB)-L)+PR  (N.2) 

where  v  is  the  relative  velocity  of  the  SFP  with  respect  to  the  5-field  and  R  is  the 
resistance  of  the  conductor.  The  first  term  on  the  right  hand  side  is  the  induced 
voltage  due  to  the  movement  of  a  current  carrying  conductor  through  a  magnetic 
field.  Method  2  will  nearly  maximize  the  power  required  for  a  given  current  because 
of  the  induced  voltage. 

To  gain  an  insight  on  power  requirements  for  the  orbital  transfer,  the  current 
was  fixed  at  i  =  50  A  while  the  orbital  parameters  were  the  same  as  those  previously 
defined.  The  amount  of  power  required  to  produce  a  constant  current  was  highly 
variable  during  a  2  day  run.  The  best  way  to  use  the  SFP’s  power  resources  is  to 
maintain  a  constant  level  of  applied  power,  at  the  maximum  level  available,  and  vary 
the  current  so  the  power  required  does  not  exceed  the  power  available. 

The  maximum  power  available  for  propulsion  is  77  k\\' .  The  current  must  be 
modulated  so  that  it  is  maximized  without  the  power  required  exceeding  77  kW. 
Equation  N.2  is  a  quadratic  with  respect  to  the  current.  The  current  can  be  solved 
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(28.5deg  i.  SOOkm,  Thm.  2tva) 


Figure  N.8  The  regulated  current  varies  greatly  due  to  the  changing  B-field. 

for  by  finding  the  roots  of  the  quadratic.  However,  the  computational  efficiency  of  the 
numerical  integration  routines  can  be  improved  by  using  the  following  approximation 
for  the  regulated  current,  ir: 

p 

in  =  77 - -  (N.3) 

((u  X  •  Z/j  +  llmaxR 

with  iimax  an  estimate  of  the  maximum  current.  Figure  N.8  shows  the  resulting 
current  profile  for  a  2  day  integration.  Figure  N.9  demonstrates  that  power  was 
near,  but  below,  the  77  kW  limit.  The  variation  in  the  power  level  is  a  result  of 
approximating  in.  Using  the  full  quadratic  solution  for  in  makes  the  power  used  con¬ 
stant.  However,  the  difference  in  the  two  solution  methods  is  small  (see  Figure  N.IO). 
Approximating  in  results  in  slightly  shorter  time-to-climb  data,  but  showed  better 
computational  efficiency. 
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(28.Sdag  i,  aOOkm,  TTIcm,  2m) 


Figure  N.9  The  power  applied  to  the  electrodynamic  propulsion  system  during  or¬ 
bit  transfer  is  kept  below  77  kW. 


(28.5d«g  1, 300km,  77kw,  2hour8) 


Figure  N.IO  The  difference  between  the  increase  in  orbital  radius  using  the  true 
solution  for  i  ( — )  and  the  approximation,  Ir  (•  •  •)  is  small. 
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Appendix  0.  Orbital  Transfer  Performance  Analysis 

0. 1  Orbital  Transfer  Performance  Analysis  Program 

The  orbital  transfer  analysis  program  was  created  for  MATLAB.  The  program 
implements  first  order  models  for  the  Earth’s  gravity  and  magnetic  field  as  well  as 
an  exponential  model  of  Earth’s  atmosphere.  These  models  were  used  to  determine 
the  accelerations  due  to  gravity,  shielded  coil  electrodynamic  propulsion,  and  ciero- 
dynamic  drag.  A  vector  function  Xd{t),  containing  the  sum  of  these  accelerations 
and  the  vehicle  velocity,  is  numerically  integrated  using  fourth  and  fifth  order  Runge- 
Kutta  formulas.  The  result  is  a  vector,  X(t),  representing  the  location  and  velocity 
of  the  SEP,  in  Earth-centered  inertial  coordinates,  at  time,  t. 

The  program  is  in  two  parts:  the  main  program  and  the  integrator.  The 
main  program  defines  the  initial  conditions  and  calls  the  integrator.  X{t)  is  used  to 
calculate  a  variety  of  performance  parameters  (power,  inclination,  etc.),  which  are 
plotted  versus  time.  The  main  program  is  empvb.m: 


%uxi%txxi%xxxn%xtnxi%xxx%xxxxx%%%xxxiin%%%xt%xxnnitxxxxxxxxiixixxxxxtxxn% 

X  This  routins  satsbllshss  ths  IC’s 
X  and  intsgzatas  tha  functions 

X  Tha  rasnlt  is  a  aactor  X  as  a  fnnction  of  tima,  t, 

X  shara  Z  •  [  x 
X  xdot 

X  y 

X  ydot 

X  z 

X  zdot  ] 

X  Tha  pTogram  coi^ntas  aazioas  parfoxaanca  paraaatars 
X  and  than  Bakas  parfoznanca  plots. 

X 

F  »  ’aadragp’; 

to  a  0;  X  initial  tiaa 

tf  >  144003;  X  final  tiaa  Bin 

10  o  [6678145;  0; 

0;  6789.53269060; 

0;  3686.41547060];  X  IC's 

tol  o  l.Oa-6;  X  tolaranca 

traca  >0;  X  diplatiBastap 

[t,I]  >  oda45(F, to, tf,Z0, tol, traca); 

X 

X  diffarant  IC's 

X  300  28.5  [  6678145;  0;  0;  6789.53369o60;  0;  3686 . 41547o60] 

X  400  28.5  C  6778145;  0;  0;  6739.26259060;  0;  3659 . 12103o60] 

X  500  28.5  [  6878145;  0;  0;  660O.09281O60;  0;  3632 . 43402060] 
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X  300  16 

[  6678146;  0;  0 

X  300  46 

[  6678146;  0;  0 

X  300  6 

[  6678146;  0;  0 

X  300  0 

[  6678146;  0;  0 

X 

X  IC’s  for  calca 
X 


74«2.6139«««0i  0; 
64e2.93937*«0.  0; 
7696.36409*«0;  0; 
7726.7629S*eO:  0; 


1M9.S7469*60] 
6462.93937O0O] 
673. 34461 oM] 
0*60] 


Ro  -  3.986013*10'14i 
oMga  ■  60*7.29211S856o-S; 
L  -  60*99; 

■ag  -  8.06*10*(16); 

Eas  *  84*-6; 
rhorof  *  1.916a-ll; 

Eraf  *  6678146; 

HI  *  0.00001998284; 

Cd  -  2.4; 

M  -  110609; 

A  -  1436; 

PoB  ■  77000; 
lOnasa  *  36; 


X  Earth* a  Ora*  Goaf.  ■~3/a*2 
X  Barth'a  apia  rata,  rad/als 
X  Bffact  coadactor  laagth,  m  DESIOl 
X  Barth'a  aag  dlpola  atraagth,  te*3 
X  raaiataaca/a,  ohaa/a 
X  Air  Daaalty  at  raf  radlaa,  kg/B*3 
X  raf  radlaa,  a 
X  iaaaraa  acala  ht,  1/a 
X  Drag  Goaf.  OESiai 
X  Platfoia  aasa,  kg  DESIOl 
X  affact  drag  araa,  a*2  DESIOl 
X  Poaar  liait,  aatta 
X  aax  aat  cnrraat,  A 


X 

X  aahlcla  aaaaaa 

X  traasfar  alth  BT  1430 
X  tranafar  a/o  ET  1200 
X  traasfar  a  BT  SV  3340 
X 

X  Var labia  Dafa’s 

X 

X  r  *  aagaitnda  of  radios  aactor 

X  az,ay,az  *  x,j,*  co^oaants  of  Barth's  dipola  aoaaat 
X  Bz.By.Bs  ■  z,y,s  co^ionaats  of  B  aactor 
X  B  *  aagaltoda  of  B  aactor 

X  xiBz,oBy,aBa  ■  oait  z,y,s  coif^oaonta  of  B  aactor 
X  a  *  aagaltoda  of  aaloclty  aactor 

X  ozd,oyd,oad  *  oait  z,y,z  co^ponaots  of  aaloclty  aactor 
X  arz,ary,arz  ■  z,y,s  cosponaots  of  ralatlaa  aaloclty  aactor 
X  Lz,Ly,Lz  •  z,y,z  coi^onanta  of  condoctor  diractlon 
X  LL  *  aagaltoda  of  coadoctor  diroctioa 

X  oLz,oLy,oLz  *  oait  z,y,z  coapoaaats  of  coadoctor  diractioa 
X  Vt,V2,V3  *  sobcoapoaoBts  of  back  EW 
X  LI  *  Boabor  of  ootpot  stata  aactors 
X  aon  *  col  aactor  of  I'a 
X  BE  *  qoadratlcs  aatriz 

X  II  *  Boots  aatriz 

X  III  *  aactor  of  aaz  roots 
X  I  *  corrant 

X  P  *  poaar 

X  zddp,yddp,zddp  *  z,y,z  coa^oBaata  of  accoloratloa  doa  to  propolsioa 
X  aaap  *  aagaltoda  of  accalaratloa  doa  to  propolsioa 
X  Bad  *  r  la  ka. 

X  Val  *  a  in  a/s. 

X  Vc  •  clrcolar  orbit  aaloclty 
X  rho  *  ataosphoric  doaslty 
X  Vr  *  aagaltoda  of  ralatlaa  aaloclty  aactor 
X  Bata  *  aahlcla  Bata  aaloa 

X  zddd,yddd,zddd  *  z,y,z  coapoaeats  of  accalaratloa  doa  to  drag 
X  adrag  <■  aagaltoda  of  accalaratloa  doa  to  drag 
X  hz,hy,hz  *  z,y,z  coapoaaats  of  aagolar  aoaaatoa  aactor 
X  az,ay  *  z,y  coapoaaats  of  lia-of-aodos 
X  iaclla  *  iacliaatioa  aagla 
X  aodas  *  aagaltoda  of  liao-of-aodas  aagla 

X  aollz,aally,aollz  *  z,y,z  coapoaaats  of  a  cross  accal  doa  to  propolsioa 
X  badz.bady.badz  *  z,y,z  coapoaaats  of  aastad  accal  doa  to  propolsioa 
X  bad  *  aagaltoda  of  aastad  accal  doa  to  propolsioa 
X  obadz,nbady  ,obadz  •  oait  z,y,z  coapoaaats  of  aastad  accal 
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1  good  >  ngnltvdo  of  w 

%  ngoodz,agoodj,agoodx  ■  onit  x,j,z  co^onoata  of  v 
X  gooda  •  ngBitnda  of  naafal  accol  dna  to  propolsloa 
%  bada  ■  ■agnitoda  of  aaatod  accol  duo  to  propalsioa 
t  goodpzcat  ■  porcoBt  of  asofal  accol  dao  to  propalaioa 
X  UP  ■  asofal  poBor 
X  offlc  ■  officioacy 
X 
X 

X  Calc  Porfoza«aca  paraaotara 
X 

r  -  (  X<:,1).*2  ♦  X(:,3).-a  ♦  X(:,6).*2  >.-0.5; 

BZ  ■  ■ag«coa(1.370l)»coa(oaogaot); 
mf  •  ■agOcoa(1.3701)*ala(oMgaot); 

■a  <•  -Bagosiad.SXOl): 

Bz  “  -<«z./r.*3  -  3o(bz.*X(:,1) 

+  *y.oX(;.3)  ♦  aa.*X( ; .6)) .oXC ; .1) -/r-'B) ; 

By  "  -(ay./r.'B  -  3*(bz.*X( : ,1) 

♦  >y.oX(;.3)  +  BZ.oX( : .6)> .*X< : .3) ./r.*B) ; 

Bz  B  -(■z./r.*3  -  3*(az.*X(:,l) 

+  ■y.*X<:.3)  +  aa.0X(;.6)).*X(:.6)./z.*S); 

B  -  (Bz.*2  +  By. -2  +  Bz.*2) .*(.6); 
oBz  >  Bz./B;  oBy  ■  By./B;  aBz  ■  Bz./B; 

»  -  (X(:.2).*2  +  X(:,4).-2  ♦  X< : ,6) . *2) .*( .5) ; 
ozd  ■  X(: ,2) ./»;  ayd  ■  X(; ,4) ./»;  ozd  ■  X(: ,6) ./»; 
vrz  •  (X(:,2}  +  omgaoXC :  ,3))/a0; 
ary  ■  (X(:,4)  -  oaaga*X( : .1))/UC; 

»rz  ■  (X(;,6))/00; 

Lz  ■  (aBy.oazd  -  aBz.oayd); 

Ly  a  (oBz . *azd  -  oBz . *azd) ; 

Lz  a  (aBz . *ayd  -  oBy . oazd) ; 

LL  ■  (Lz.*2  +  Ly.*2  ♦  Lz.*2) .*< .8) ; 
oLz  B  Lz./LL;  oLy  ■  Ly./L'..  aLz  ■  Lz./LL; 

X 

¥1  ■  (ary.oBz  -  aiz.oBy) .o(aLz) ; 

¥2  ■  (vrz.oBz  -  arz.oBz) .«(aLy) ; 

¥3  ■  (arz.oBy  -  ary  .oBz)  .o(iiLz)  ; 

X 

X  LI  -  lsagth(¥l); 

X  BOB  >  oaas(Ll,l); 

X  RR  -  [(aoLoRoaOBoa)  (abs(Lo(¥l  +  ¥2  >  ¥3)))  -Pobobob] 

X  for  II  -  1:LI; 

X  II  -  (roots(RR(ll. :)))>: 

X  IIKII)  >  aaz(II); 

X  oad; 

X  I  -  III'; 

X 

I  -  PoB./(abs(L*(¥l  +  ¥2  >  ¥3))  +  (I0aoas)*2*L*Rs8); 

P  -  (ab8(L«I.o(¥l  +  ¥2  ♦  ¥3))  +  (I.*2)o2*L*Roa)/1000; 

X 

zddp  >  (L/M)*I.*(aLy.*Bz  -  oLz.oBy); 
yddp  *  (L/II)*I.*(aLz.*Bz  -  aLz.oB^-}; 
zddp  >  (L/II)«I.*(aLz.oBy  -  aLy.oBz); 
aoap  a  (zddp. *2  >  yddp. *2  *  zddp. *2) .'(.5) ; 

X 

Rad  -  r./lOOO; 

¥ol  -  a./60; 

¥c  -  (■oo(r. *(-!))). -0.5; 

X 

rbo  a  rhorof*azp(-HI*(r  -  Rrof)); 

¥r  »  (arz.-2  +  ary. *2  arz.-2).-.S; 

Bota  -  R/(Cd*A); 

zddd  ■  -.6*rho.*¥r*(l/Bata) .oarz; 
yddd  >  -.S*rho.*¥r*(l/Bsta) .«ary; 
zddd"  -.S*rho.*¥r*(l/Bota)  .oarz; 
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•drag  -  (  sddd.'a  yddd.*3  *  adU.‘2  ).*0.5: 

X 

ta  -  (X(:,3).*X(:.0)-X(:.6).*Z(;.4)}: 
hy  -  (X(:.6).*X(;.a)-X(:.l).*X(:,6)): 
hx  -  <X(..1).*XC:,4)-X(..3).*X<:.2)): 
mz  ■  -hy;  ny  ■  hz; 

India  ■  (zcos(hz./((kz.*3  ♦  ky.*3  ♦  hz.*3) .*0.6))) 
«(180/3.1416); 

nodas  ■  (acos(ttZ./((nz.*3  ♦  ny.*a) .*0.6)))a(l80/3.1416)i 

X 

aallz  •  (X( ;  ,4)  .  anddp-X( :  ,6)  . ayd^) ; 

nnlly  -  (X( :  .6)  .  aaddp-X( :  .3)  .  az4^) ; 

nnllz  a  (X(:,3).ayddp~X(:.4).azd^); 

badz  a  (nnlly.aK;  ,8)-nallz.aX(:  ,4)); 

bady  a  (Bnllz.aX(: ,3)-nnllz.aX(: ,8)); 

badz  a  (aallz .aX( ; ,4)-aally .aX( : ,2) ) ; 

bad  a  (  badz. *2  *  bady. *3  *  badz. '2  ).*0.S; 

abadz  a  badz. /bad;  abady  a  bady. /bad;  abadz  a  badz. /bad; 

good  a  (  X<:.2).-2  +  X(:,4).-2  ♦  X(:,8).*2  ).*0.6; 

agoodz  a  X(:.3)./good; 

agoody  a  X( : ,4) ./good; 

agoodz  a  X(; ,8) ./good; 

gooda  a  (zddp.oagoodz  *  yddp.oagoody  >  zddp.oagoodz); 
bada  a  (zddp.oabadz  >  yddp.aabady  >  zddp . oabadz) ; 
goodprcat  a  100*gooda./a«^p; 

X 

HP  a  (abn(L*I.*(Vl  +  ?2  +  V3)) .*(goodpzcBt/100))/1000; 
E«ic  a  lOOoUP./P; 

X 

X  Plots 
X 

cl«i 

plot<t,P) .zlabol(>tljBt  ■ln*),ylabol(’Poaor  M»), 
titlo(*(28.6dog  1,  300lDa,  16kH,  3days)>); 
priat  -dopa  <B2ftP2d>; 

X 

clg; 

plot(t,I) ,zlab«l(’tlat  ala*) .ylaboK’Cazzoat  1’), 
tltls(>(28.Sdag  1.  SOOkB,  18kH,  2days)'); 
print  -daps  <B2EI2d>; 

X 

clg; 

plot(t,Ead),zlabal(’tiBa  ain’) .ylaboK’Badias  ha’}, 
titlo(>(38.Sdog  i.  300ha.  18kH.  2days)’); 
print  -dopa  <a3r2d>; 

X 

clg: 

plot(t,B)  ,zlabol(>tlaa  ain’)  .ylaboK’B-fiold’), 
tltla(>(28.Sdog  1,  300ka.  16kH,  3days)>); 
print  -daps  <a3B3d>; 

X 

clg; 

plot(t,Vol,>+>,t,Vc,>:>),zlabal(>tiBo  aln»), 
ylaboK’Volocity  a/s’), 
tltla(>(28.5dag  i,  300ka.  18kH,  2days)>); 
priat  -dsps  <B3Tol2d>; 

X 

clg; 

plot(t,inclin) ,zlabal(’tiao  ain’}, 
ylaboK ’ iacllnatioa  dsg’ ) , 
tltls(’(28.Edag  i,  300ka,  18kV,  3days)>); 
priat  -dsps  <B2i2d>; 

X 

clg; 

plot(t,nodas>,zlabol(’tiBa  ain’). 
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jlab«l(’lima  of  nodoo  dog'), 
titlo(>(38.6dag  1.  SOOka,  teUI.  Sdayo)'); 
print  -dopa  <K21oB2d>; 

X 

plot(t,noiT)t>labol(*tiaw  aln*), 
jlaboK'accolorntlon  ■/s*2>), 
titla(>(28.6dag  i.  300ka.  lOldl.  2daja)>); 
print  -dopa  <B2ap2d>; 

X 

'Is: 

plot(t,adrag),zlabal(*tijH  ain’), 
jlaboK’accoloratien  a/a*2') , 
titla(>(28.Sdag  i,  300ka.  18k8.  2daya)>>: 
print  -dopa  <a2rd2d>; 

X 

cig; 

plot(t,gooda),zlabal('tiaa  ain'), 
ylaboK'accoloration  a/a*2>) , 
titla(>(28.6dag  i,  300ka.  18kl.  2daya)>); 
print  -dopa  <ai2naaap2d> : 

X 

«ig: 

plot(t,bada).zlabal(*tiao  ain’), 
ylaboK'accoloration  a/a*2*) , 
titlo('(28.6<Ug  i,  300ka,  t6kH,  2daya)>); 
print  -dopa  <a2aaatap2d> ; 

X 

clg: 

plot(t  ,goodprcat)  ,xlabol(  'tiaa  ainO , 
ylaboK'parcant  vaofnl  accol’), 
titla(>(28.Sdog  i,  300ka.  18kV,  2daya)>); 
print  -dopa  <a2prcnt2d>; 

X 

clg: 

plot(t,Bffie),zlabal(>tiaa  ain>), 
ylabol('Porcant  Efficiency >) , 
titla(>(28.5dag  i,  SOOka,  IfikV,  2daya)>); 
print  -dopa  <a2E2d>; 

X 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxmxxxxxxxxxxxxxxxxxxxxxx 

The  second  program  is  a  subroutine  defining  the  vector  function  Xd{t)  that  is 
called  for  integration.  The  equations  of  motion  auid  their  supporting  environment 
models  and  controllers  are  in  the  program  emdragp.m: 


xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxuxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

X  Sbioldod  BE  propnlaion  nitk  aarodynaaic  drag 
X 

X  Tho  function  ia  intagratod  in  aaptb.a 
X  Xd  conaiata  of  [  zdot 
X  zdotdot  (fl) 

X  ydot 

X  ydotdot  (f2) 

X  zdot 

X  zdotdot  (f3)  ] 

X  Wkora  z,  y,  and  z  are  ECI  cartoaian  coordinataa. 

X 

function  Zd  "  aadragp(t,I) 

X 

Bn  ■  3.986012*i0~14;  X  Barth'a  Grat.  Coof.,  a*3/a*2 


aMga  ■  60*7. 39311  S8S8«-6;  X  brtk'a  apia  rata,  rad/ala 
rhoraf  ■  1.910a-ll:  X  Air  Oaaaity  at  raf  radiaa,  kg/B*3 


■raf  -  067814S; 

■I  -  0.00001999364; 

Cd  -  3.4; 

■  >■  110609; 

A  -  1436; 

P  -  77000; 

L  a  S0a99; 

■ag  a  S.OSalO'dS) ; 
laa  a  84a-6; 
lOnaaa  a  35 ; 

X 

X  raklcla  Baaaaa 

X  tranaf ar  with  ST  1430 
X  tranafer  a/o  ST  1300 
X  tranafar  a  ST  SV  3340 
X 

Z  a  X(l);  Zd  a  X(3);  y 
z  a  X(5);  zd  a  x(6); 

X 

X  Tha  anpportiag  faactlona 
X 


X  rafaraaca  radiaa,  ■ 

X  iaaaraa  acala  kt,  !/■ 

X  Drag  Coaf .  DBSI9I 
X  Platfora  aaaa,  kg  DBSIOI 
X  affact.  drag  araa,  ai*3  DBSIOI 
X  Poaar  Halt,  aatta 
X  Bffact  coadactor  laagtk,  ■  DBSIOI 
X  Bartk‘a  sag  dipola  atraagtk,  1ki*3 
X  raalataaca/a.  okaa/a 
X  Mz  aat  carraat,  A 


1(3);  yd  a  x(4); 


X  graaity 

X  r  a  aagnituda  of  radina  vactor 

X  zddg.yddg.zddg  a  z,y,z  cnpoaanta  of  accalaratioa  dna  to  gravity 
X 


r  a  (  z*3  ♦  y'3  z*3  )*0.6; 

zddg  a  -z*<Bn/(r"3))*3600; 
yddg  a  -ya(Ba/(r*3))a3600; 
zddg  a  -za (Ha/ (r~3)) 03600; 

X 

X  aarodynaaic  drag 
X  rko  a  ataoapkarie  danaity 

X  vrz,Try,vrz  a  z,y,z  eo^^nanta  of  ralatlva  valocity  vactor 
X  V  a  aagnltada  of  ralatlva  valocity  vactor 
X  Bata  a  vahlcla  Bata  valaa 

X  zddd,yddd,zddd  a  z,y,z  co^ranasta  of  accalaratioa  dao  to  drag 
X 


rko  a  rkorafoazp(-II*(r  -  Braf)); 
vrz  a  (xd  >  yooaaga); 
vry  a  (yd  -  zooMga); 
vrz  a  (zd); 

?  a  (vrz"2  +  vry"2  +  vrz*3)*.6; 

Bata  a  H/(CdoA); 
zddd  a  -.6*rkooVo(l/Bata}ovrz; 
yddd  a  -.s*rkoayo(l/Bata)ovry; 
zddd  a  -.Sorkooyo(l/Bata)ovrz; 

X 

X  oa  propolaion 

X  Bz.ay.Bz  a  z,y,z  caapoaanta  of  Bartk*a  dipola  mommt 
X  Bz,By,Bz  a  z,y,z  co^onanta  of  B  vactor 
X  B  a  aagnltada  of  B  vactor 

X  aBz,aBy,aBz  a  oait  z,y,z  coaponanto  of  B  vactor 
X  V  a  aagnltada  of  valocity  vactor 

X  azd,ayd,azd  a  onit  z,y,z  co^Kinanta  of  valocity  vactor 
X  Lz,Ly,Lz  a  z,y,z  ewponanta  of  condnctor  direction 
X  LL  a  aagnltada  of  condnctor  dlraction 

X  aLz,aLy,aLz  a  onlt  z,y,z  co^)onanta  of  condnctor  dlraction 
X  V1,W3,V3  a  aabc<»ponanta  of  back  SHF 
X  BB  a  qaadratica  aatriz 

X  II  a  Boots  aatriz 

X  la  corront 

X  zddp,yddp,zddp  a  z,y,z  coapononta  of  accalaratioa  dao  to  propolslon 
X 


0-6 


■z  ■  ■■g*coa(1.3701)*coa((aMg«*t); 
my  ■  ■as«coa(1.3701)*aia(aMga*t); 

■>  ■  -■a8*aia(1.3701) ; 

Bz  ■  -(m*/r~3  -  3*(mx*x  *  my*j  *  ■z*a)*z/r*S); 

By  ■  -<My/r*3  -  3*(mz*z  ♦  mj»y  ♦  ■z»z)*y/r*6>; 

Bz  "  -<m*/t‘3  -  3*Caz*z  +  ayay  ♦  ■z«z)*z/z*6) ; 

B  -  (Bz-2  ♦  By*2  ♦  Bz*2)*(.B): 
oBz  ■  Bz/B:  zBy  ■  By/B;  aBz  ■  Bz/B; 
z  ■  (zd*2  ♦  yd*2  +  zd*2)'‘<.B); 
azd  ■  zd/z;  ayd  "  yd/z;  azd  ■  zd/z; 

Lz  a  (aBy*azd  -  aBs*ayd); 

Ly  a  (aBzaazd  -  aBz*azd); 

Lz  a  (aBz*ayd  -  aBy*azd) ; 

LL  a  (Lz-a  +  Ly*2  ♦  La*2)-(.8): 

aLz  a  Lz/IL;  aLy  a  Ly/LL;  aLz  a  Lz/LL; 

X 

¥1  a  (vryaBz  -  zzz*By)«(aLz)/60; 

¥2  a  (vrz*Bz  -  zrzzBz)*(aLy)/60; 

¥3  a  (TTZZBy  -  zzyzBz)*(aLz)/60: 

X 

X  BB  a  [(aaLzBaa)  (abaaa(¥l  ♦  ¥a  ♦  ¥3)))  -P] ; 

X  II  a  roota(BB); 

X  la  aazdl): 

X 

I  a  p/(abaaa(¥l  *  V3  *  ¥3))  *  (lOaaaa)aaaLaBaa) ; 

X 

zddp  a  (l»t/<K))*(aLy*Ba  -  aLzaBy)a3600; 
yddp  a  (IaL/(l))a(aLzaBz  -  aLzaBz)a3600; 
zd^  a  (laI,/<H))a(aLz*By  -  aLy*Bz)a3600; 

X 

X  c<zabiaiBg  tha  aecala  ap 
X 

fl  a  zddg  *  zddp  *  zddd;  X 
f2  a  yddg  yddp  *  yddd;  X 
f3  a  zddg  *  zddp  *  zddd;  X 
X 

X  tha  actaal  fanction  to  ba  Intagratad 
X 

Id  a  C  X(2); 
fl; 
x(4): 
f2; 

X(«); 

f3  ]; 

X 

xxxxxxxxxxxxxtxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 


0.2  SFP  Performance  Analysis 

Once  the  configuration  of  the  SFP  was  established,  the  vehicle’s  orbital  transfer 
performance  was  determined.  The  equations  of  motion  were  numerically  integrated 
using  the  above  programs  with  a  variety  of  initial  conditions  and  vehicle  states.  In 
each  case,  the  integration  was  stopped  at  a  final  time,  </,  of  2  days.  This  Appendix 
contains  the  plotted  data  from  this  performance  analysis. 
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The  majority  of  the  program  executions  were  made  with  only  one  initial  con¬ 
dition  or  state  varied  from  an  arbitrary  standard.  This  arbitrary  standard  was  used 
to  ease  analysis.  The  standard  initial  condition  was  a  28.5°  inclination  circular  orbit 
with  an  altitude  of  300  km.  This  is  the  likely  inclination  for  Space  Station  Freedom. 
The  altitude  is  also  the  approximate  ASSET  work  altitude.  This  orbit  represents 
the  typical  starting  conditions  for  an  orbit  transfer  of  the  SFP.  The  worst  case  state 
chosen  for  analysis  was  77  kW  of  power  for  propulsion  while  carrying  a  external 
tank  as  payload.  77  kW  is  the  maximum  amount  of  sustained  power  available  for 
propulsion,  and  is  the  expected  operating  level  during  most  of  a  transfer.  The  exter¬ 
nal  tank  represents  the  design  specification  payload,  and  is  expected  to  be  the  worst 
case  for  the  SFP  total  mass  and  drag  area. 

0.2.1  Baseline  SFP  Performance  Analysis. 

0.2.1. 1  300  km  Altitude  Initial  Condition.  This  program  execution 

uses  the  standard  initial  conditions  and  vehicle  states.  It  establishes  the  baseline 
performance  for  the  SFP  (see  Figures  0.1  through  0.8).  The  baseline  trends  axe 
discussed  in  Section  6.3.10.4. 


(aj5<j*S  I.  aookm.  mm.  2itay») 


Figure  0.1  The  SFP  rises  21.33  km  in  2  days. 
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(28.Sdag  i.  300km.  TTtav.  2diy«) 


Figure  0.2  The  SFP’s  inclination  decreases  0.024°  in  2 


Figure  0.3  The  maximum  jfi|  is  less  than  2  x  10  ^°. 
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(28.Sdeg  i.  SOOkm,  77tM.  2dayt) 


Figure  0.8  The  maximum  acceleration  due  to  aerodynamic  drag,  oj,  is  1.59  x 
10~®  m/s^. 

0.2. 1.2  400  km  Altitude  Initial  Condition.  With  the  vehicle  initial 
orbit  at  an  altitude  of  400  km,  a  program  execution  was  made  to  verify  the  trends 
demonstrated  in  the  baseline  (see  Figures  0.9  through  0.16).  During  the  SFP’s 
upward  spiral,  the  vehicle  is  always  close  to  circular  orbit  conditions.  Therefore,  the 
400  km  circular  orbit  is  a  good  approximation  of  the  vehicles  orbital  state  at  that 
altitude.  The  baseline  trends  were  verified  by  this  run. 
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(28.Sdag  i.  400iim,  77\m,  2diy*) 


Figure  0.9  The  SFP  rises  25.4  km  in  2  days',  note  that  the  long  term  climb  rate 
has  increased  relative  to  the  baseline  conditions. 


(28.5deg  i,  400km,  77lMr,  2day«) 


Figure  0.10  The  SFP’s  inclination  decreases  0.024°  in  2  days',  note  that  the  long 
term  decrease  has  remained  relatively  constant. 
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(2e.5dag  i.  400l(m,  77lw.  SUmf) 


Figure  0.11  The  maximum  |0|  is  less  than  2  x  10  note  that  the  profile  is  nearly 
unchanged  relative  to  the  baseline. 


Htnemin 


Figure  0.12  The  total  Op  varies  between  0.88  x  10  and  1.16  x  10  note 

that  the  profile  is  nearly  unchanged  relative  to  the  baseline. 
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Figure  0.14  The  wasted  Op  varies  between  0  and  7.3  x  10  ^  m/s^;  note  that  the 
profile  is  nearly  unchanged  relative  to  the  baseline. 
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(285dig  i.  400lim.  77liw.  2day«) 
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Figure  0.15  The  current  varies  between  53  and  101  A\  note  that  the  average  current 
has  increased. 


Figure  0.16  The  maximum  acceleration  due  to  aerodynamic  drag,  aj,  is  2.1  x 
10~®  m/s^;  note  that  the  aerodynamic  drag  has  dropped  with  altitude. 
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0.2. 1.3  500  km  Altitude  Initial  Condition.  The  trends  of  the  btiseline 
were  further  confirmed  by  starting  the  SFP  at  500  km  (see  Figures  0.17  through  0.23). 
Again,  the  baseline  trends  were  confirmed. 


(28.5d«o  i.  SOOtun,  77lw.  2days) 


Figure  0.17  The  SFP  rises  28.0  km  in  2  days]  note  that  the  long  term  climb  rate 
has  increased  relative  to  the  baseline  conditions. 
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(2B.SdtQ  i,  SOOkm,  TTim.  2d^») 


Figure  0.18  The  SFP’s  inclination  decreases  0.024“  in  2  daps;  note  that  the  long 
term  decrease  has  remained  relatively  constant. 


time  min 


Figure  0.19  The  total  Op  varies  between  0.88  x  10“'*  and  1.16  x  lO'^m/s^;  note 
that  the  profile  is  nearly  unchanged  relative  to  the  baseline. 
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(28.sda0  i.  SOOkm,  TTm,  2d^) 


tinwmin 


Figure  0.20  The  useful  Op  varies  between  8.81  x  10  ®  and  9.08  x  10  ^m(s^\  note 
that  the  maximum  useful  Op  has  increased  slightly. 


Figure  0.21  The  wasted  Op  varies  between  0  and  7.3  x  10  ®m/s*;  note  that  the 
profile  is  nearly  unchanged  relative  to  the  baseline. 
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(28.Sdag  I.  SOOkm.  TTkw.  2diy«) 
105l - 1 - r- - 1 - r— 


time  min 


Figure  0.22  The  current  varies  between  55  and  105  A;  note  that  the  average  current 
has  continued  to  increase. 


Figure  0.23  ] 

The  maximum  acceleration  due  to  aerodynamic  drag,  aj,  is  2.8  x  10“^m/s^;  note 
that  the  aerodynamic  drag  has  continued  to  drop  with  altitude. 
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0.S.2  Reduced  Power  Performance  Analysis.  The  SFP  has  sufficient 
power  to  perform  an  orbital  transfer  while  the  truss  builder  and  remote  manipulators 
are  in  operation,  but  the  power  available  for  propulsion  is  reduced  (see  Figures  0.24 
through  0.28).  This  anadysis  was  made  to  determine  the  SFP’s  orbital  transfer  per¬ 
formance  under  this  condition.  The  propulsion  power  was  reduced  by  the  combined 
peak  power  load  of  the  truss  maker  and  remote  manipulators  (9  kW)  to  68  kW .  The 
results  are  as  follows: 


(28.5clea  i.  300km,  BSkw,  2days) 


Figure  0.24  The  SFP  rises  10.0  km  in  2  days-,  with  a  reduction  of  only  9  kW,  the 
long  term  climb  rate  is  less  than  half  the  baseline’s  climb  rate. 
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(2>.Sd«g  i,  aociun.  mut,  2^) 


Figure  0.25  The  SFP’s  inclination  decreases  0.022“  in  2  days-,  the  change  is  smaller 
than  the  baseline’s  inclination  change. 


Figure  0.26  The  maximum  |n|  is  less  than  1.68  x  10  the  change  is  smaller 
than  the  baseline’s  line-of-node  change. 
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0.2.3  No  Payload  Performance  Analysis.  To  determine  the  best  perfor¬ 
mance  of  the  SFP,  the  external  tank  payload  was  removed.  Without  the  external 
tank,  the  vehicle  mass  is  79,309  kg,  and  the  vehicle  drag  area  is  reduced  to  1,196  rrP. 
The  standard  initial  condition  orbit  was  used,  and  the  full  77  kW  applied  (see  Fig¬ 
ures  0.29  through  0.33). 


(28.5deg  i.  300km.  TTtav.  2days) 


Figure  0.29  The  SFP  rises  33.4  km  in  2  days;  this  is  the  SFP’s  best  climb 
performance. 
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(».Sdeg  i.  300km.  77Igw,  2days) 
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Figure  0.33  The  current  varies  between  50  and  96  A,  essentially  the  same  as 
bciseline. 

0.2,4  Analysis  of  Inclination  Changes  on  Performance. 

0.2.4. 1  5°  Inclination  Orbit.  The  method  used  to  direct  the  propul¬ 
sive  force,  Fj,,  depends  on  the  B  being  nearly  orthogonal  to  v.  The  angle  between 
Fp  and  V  is  dependent  on  the  vehicles  position  and  time.  Generally,  the  aingle  will 
be  closer  to  90°  in  lower  inclination  orbits.  The  inclination  of  the  initial  orbit  was 
changed  to  5°  to  study  the  effects  of  inclination  on  the  the  SFP’s  orbital  tremsfer 
(see  Figures  0.34  through  0.37). 
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(OSdio  i.  aookm.  men,  2dayi) 


Figure  0.34  The  SFP  rises  23.3  km  in  2  days;  note  that  the  SFP’s  long  term  climb 
rate  is  superior  at  the  lower  inclination. 


(OSdeg  i,  SOOton,  77kw,  Zdayt) 


Figure  0.35  The  SFP’s  inclination  decreases  0.0048°  in  2  days;  this  is  an  order  of 
magnitude  less  than  the  baseline. 
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(05dag  I,  SOOkm,  TTtw,  2days) 


Figure  0.36  The  maximum  |n|  is  less  than  0.0105°;  this  is  an  order  of  magnitude 
worse  than  the  baseline. 


^  (OSdeg  i,  SOOkin.  77kw,  adays) 
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Figure  0.37  The  total  Op  varies  between  9.00  x  10~®  and  9.37  x  10~^  m/s^,  a 
smaller  variation  in  acceleration. 
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0.2. 4-2  15°  Inclination  Orbit.  Continuing  the  study  of  the  effects 
of  inclination  on  the  SFP’s  orbital  transfer,  the  inclination  of  the  initial  orbit  was 
changed  to  15°  (see  Figures  0.38  through  0.41). 


(ISdeg  i.  300km,  77kw,  2days) 


time  min 


Figure  0.38  The  SFP  rises  23.28  km  in  2  days-,  note  that  the  !jFP’s  long  term 
climb  rate  is  superior  at  the  lower  inclination. 
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0.2.5  Descending  Orbit  Transfers.  The  program  was  executed  to  study 
the  performance  of  the  SFP  in  transfers  from  500  km  to  lower  altitude  orbits.  A 
thrust  in  the -v  direction  is  achieved  by  reversing  the  direction  of  current  flow  through 
the  conductor.  In  the  code,  this  is  implemented  by  using  a  “negative”  current.  The 
analysis  was  made  with  the  vehicle  in  the  ‘no  payload’  configuration. 

A  run  was  made  with  a  current  of  300  A.  Figure  0.42  shows  that  the  SFP  can 
reach  a  300  km  altitude  in  less  than  3  days.  Figure  0.43  shows  that  the  shielded  coil 
electrodynamic  propulsion  system  produces  power  when  the  vehicle  lowers  its  orbit. 
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Figure  0.39  The  SFP’s  inclination  decreases  0.0014“  in  2  days\  this  is  an  order  of 
magnitude  less  than  the  baseline. 


Figure  0.40  The  maximum  |n|  is  less  than  3.6  x  10  this  is  roughly  double  the 
baseline  max  |0(. 


(iSdeg  i.  300km.  77kw.  2(tay«) 


Figure  0.41 


Figure  0.42 
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The  total  Op  varies  between  8.94  x  10“®  and  10.00  x  10~®  rn/s^,  a 
smaller  variation  in  acceleration. 


radius  vs  time  (28.5(ieg  i,  -SOOamp,  30) 


The  SFP  can  drop  over  200  km  is  3  days  when  300  A  axe  allowed  to 
flow  through  the  main  conductor. 
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Figure  0.43  The  negative  power  in  this  figure  shows  that  the  shielded  coil  electro¬ 
dynamic  propulsion  system  generates  power  when  the  vehicle  drops  in 
altitude. 
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Appendix  P.  Integrated  Truss  Moments 

P.l  Introduction 

The  integrated  truss  components  are  subjected  to  a  variety  of  moments.  The 
majority  of  moments  are  induced  by  maneuvering.  The  control  system  will  be  pro¬ 
grammed  to  inhibit  commanded  moments  that  exceed  the  strength  of  the  truss.  The 
moments  generated  by  the  solar  power  system,  at  the  ends  of  the  cross  integrated 
trusses,  fall  under  different  considerations.  They  must  rotate  at  orbit  rate  to  remain 
oriented  with  the  sun.  An  analysis  was  accomplished  to  insure  the  moments  due  to 
the  rotating  power  system’s  center  of  m<iss  not  being  aligned  with  the  rotation  axis 
did  not  exceed  the  strengths  of  the  cross  integrated  trusses.  The  rotation  of  the  solar 
power  system  occurs  mostly  about  the  63  axis  at  approximately  1.1335X  10'^  radfsec 
(see  Figure  P.l). 

Some  off  axes  rotations  of  individual  solar  power  components  do  occur  because 
of  inclination  changes.  Like  the  majority  of  moments,  these  rotations  axe  a  function 
of  controlled  maneuvering.  They  will  be  categorized  as  commanded  moments  and 
not  a  part  of  this  analysis. 

P.2  Solar  Power  Component  Models 

The  primary  components  on  one  end  of  a  cross  integrated  truss  ^lre  also  illus¬ 
trated  in  Figure  P.l.  They  are  the  concentrator,  the  power  generation  assembly,  the 
ASSET  photovoltaic  array,  and  the  radiator.  The  component’s  moments  of  inertia, 
/,  were  modeled  by  a  spherical  cap,  a  cylinder,  and  two  thin  plates  respectively. 
Table  P.l  identifies  the  primary  masses,  I  parameters,  and  Cartesian  distances  from 
the  truss  center  mounting  point,  q,  on  the  SFP  to  the  center  of  masses,  CM,  for 
each  of  the  primary  components. 
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Figure  P.l  The  solar  power  system  of  the  SFP  on  the  end  of  one  cross  integrated 
truss.  The  primary  components  are  labeled. 


Component 

Mass,  kg 

I  parameters,  m 

distance  q  to  CM,  m 

Concentrator 

845.0 

r  =  25.0  (sphere) 

hi  =  15.5 

h  =  2.0  (depth) 

62  =  -7.5 

63  =  28.0 

Power 

2265.0 

r  =  1.0 

hi  =  4.5 

Generation 

h  =  4.0 

^  =  -2.2 

Assembly 

b3  =  28.0 

ASSET 

2419.0 

b  =  10.3 

61  =  -8.7 

Photovoltaic 

h  =  13.4 

62  =  0.0 

Array 

63  =  28.0 

Radiator 

1471.0 

b  =  8.0 

hi  =  12.2 

h  =  18.4 

II 

0 

63  =  28.0 

Table  P.l  The  specifications  for  calculating  the  moment  contributions  of  the  pri¬ 
mary  solar  power  components.  The  concentrator  is  oriented  in  the  6i 
direction. 
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P.S  MATLAB  Program 

The  MATLAB  program  that  follows  was  used  to  calculate  the  moments  of 
inertia  for  each  of  the  primary  components,  rotate  their  joces  to  align  with  the  h~axes 
(if  necessary),  and  translate  their  inertias  to  the  point  q  (52:421-443).  The  code 
finishes  with  a  calculation  of  the  total  moments  experienced  by  one  cross  integrated 
truss  due  to  the  primary  solar  component  rotating  at  orbit  rate. 


xxxxxxxxxmxxxmxtxxxmmmmxnnxxxmummmnmmmxxxttxxttxu 

X  MoMat  calcalatlona  oa  oa«  croaa  tiraas  dn«  to  tho  BOBoats 
X  of  iaortla  of  tho  solar  posor  sjatsB  rotatlag  at  orbit  rata. 

X  Coacsatrator  (Bodslad  as  a  apbarlcal  cap) 

BC  a  846;  X  Bsaa 

rc  •  36;  X  radios  of  spharical  cap 

he  a  3;  X  dapth  of  spharical  cap 

blc  a  16.6;  X  Cartsaiaa  diataaca  foni  q  to  C3I 

b3c  a  -7.8; 

b3c  a  28; 

the  a  .35;  {  off  aria  aagla  ia  radiaaa 

X  hotatioa  Batriz  for  a  30  dagraa  rotatioa 

Cc  a  [coa(thc)  0  -sin(thc); 

0  10; 
sla(thc)  0  cos(the)]; 

X  lloBoat  of  iaortla  about  CH 

IcBtrz  a  [(rc  -  hc./3)  0  0  ; 

0  (rc./3  -  hc./13)  0  ; 

0  0  <rc./3  -  hc./13)]; 

IcprlBS  a  BC  .*  he  .0  IcBtrz; 

Ic  a  Cc’  •  Icpriaa  •  Cc; 

shSBC  a  [0  -blc  bSc; 

blc  0  -b3c ; 

-b3c  b3c  0] ; 

X  NoBoat  of  iaartia  about  q 

Icq  a  Ic  -  BC  .*  rkaac  *  shaac 

X  Pousr  Ooooratioa  isaaaiblj  (Bodslod  as  a  cyliador) 

ra  a  1;  X  radius 
ha  a  4;  X  height 
Ba  a  2366;  X  Baas 

bla  a  4.6;  X  Cartaslaa  diataaca  froB  q  to  CH 
b2s  a  -2.2; 
b3a  a  28; 

tha  a  .61;  X  off  aria  aagla  ia  radiaaa 
X  Hotatloa  aatrix  for  a  36  dagrea  rotatioa 
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Ca  •  [coa(tha)  0  -siBCtlia); 

0  10; 

•iB(tha)  0  cos(tka)] ; 

X  loBuit  of  iaartla  about  CM 

loBtrz  -  [(ra~3./3  «  ba~2./fl)  0  0 

0  (ra~3./3  ♦  ha*3,/3)  0 

0  0  ra*3] 

laprlaa  -  ■a./3  .*  laatrz; 

la  ••  Ca  *  lapriao  *  Ca*; 

•kooa  ■  [0  -bla  b3a; 

bla  0  -b3a; 

-b3a  b3a  0] ; 

X  MoBout  of  Inortla  about  q 

laq  •  la  -  Bu  .«  akoua  •  akooa 

X  kSSBT  pkotovoltalc  array  (Bodalod  aa  a  thin  plato) 

bp  ■  10.3;  X  baao 
hp  -  13.4;  X  holght 
Bp  ■  3419;  X  Baaa 

blp  ■  ~S.7;  X  Cartoalan  diatanco  froB  q  to  CM 
b3p  -  0; 
b3p  ■  38; 

X  NoBont  of  inortla  about  CM 

Ipatrz  ■  C(kp*3  *  hp*3)  0  0  ; 

0  hp*3  0  ; 

0  0  bp*3] ; 

Ip  •  Bp./13  .«  IpBtrz; 

akaap  •  [0  -blp  b3p; 

blp  0  -b3p; 

-b3p  b3p  0] ; 

X  MoBont  of  Inortla  about  q 

Ipq  •  Ip  -  Bp  .*  akanp  *  akaop; 

X  Radiator  Oaodalod  aa  a  thin  plato) 

br  ■  8;  X  baaa 
hr  ■  18.4;  X  halght 
BT  ■  1471;  X  Baaa 

blr  “  13.3;  X  Cartoalan  diatanco  froB  q  to  CM 
b3r  »  4; 
b3r  •  28; 

X  HoBont  of  inortla  about  CM 

Imtrz  •  [hr*2  0  0  ; 

0  (br*2  +  hr'2)  0  ; 

0  0  br-2] ; 

Ir  ■  Br./13  .*  IzBtrz; 
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•kasi  <•  [0  -blx  b3x 
blx  0  -b2x 
-b3i  b2x  0] 


Ixq  ■  Ix  -  ax  .*  akaax  •  akaax 

X  Total  aoBant  of  laaxtla  about  q 

Itotq  >  Icq  *  Ipq  *  laq  *  Ixq 

X  Noaant  calcnlationa 

oaaga  «  [  0  ; 

.0011336  : 

0  ]; 

akauoaoga  ■  [  0  -oaaga(3,l)  oaaga(2,l)  ; 

oaaga(3,l}  0  -oaoga(l,l)  : 

-oaaga(2,l)  oaaga(l,l)  0  ]; 

H  •  akoHoaaga  •  Itotq  •  oaoga 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

P.4  Results 

The  moments  experienced  by  a  cross  integrated  truss  due  to  the  orbit  rate 
•■otations  of  the  primary  solar  power  components  about  the  b  axes  are  listed  in 
Table  P.2. 


b  axis 

Moment,  N  •  m 

6i 

-0.1956 

1)2 

-0.7264 

0 

Table  P.2  The  moments  experienced  by  a  cross  integrated  truss  due  to  the  orbit 
rate  rotations  of  the  primary  solar  power  components  about  the  b  axis. 
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Appendix  Q.  Power  System  Literature  Survey 


Q.  I  Introduction 

What  follows  is  an  extensive  literature  se^lrch  that  outlines  the  available  space 
power  systems.  The  discussion  is  not  intended  to  be  all  encompassing  but  rather, 
give  an  overview  of  currently  available  technologies. 

Q.2  Energy  Sources 

There  are  only  three  on-board  input  sources  of  energy  available  to  support 
spacecraft.  They  are  direct  solar  energy,  stored  chemical  energy,  and  nuclear  en¬ 
ergy.  A  possible  off-board  solution  is  beamed  power.  There  is  a  wide  variety  of  both 
static  and  dynamic  energy  conversion  systems  that  can  be  combined  with  these  heat 
sources  to  form  an  overall  space  power  system.  The  interrelationships  of  the  energy 
sources  and  conversion  systems  is  illustrated  in  Figure  Q.l  (46:343).  Possible  static 
conversion  systems  shown  in  the  figure  include  batteries,  fuel  cells,  photovoltaic, 
thermoelectric,  and  thermionic  devices.  The  dynamic  systems  consist  of  either  tur¬ 
bine  or  reciprocating  engines  coupled  to  electric  generators  (17:4.2).  The  engines 
operate  on  thermal  energy  derived  from  the  sun,  nuclear  reactors,  isotopes,  or  the 
combustion  of  chemicals.  A  review  of  the  choices  shown  in  Figure  Q.l  is  essential  in 
determining  the  electrical  power  system  design  for  the  SFP. 

Q.2.1  Solar.  The  most  frequently  used  power  system  to  date  has  been  so¬ 
lar  arrays.  At  the  Earth’s  orbit,  the  solar  power  available  is  about  1400  W/rri^  (19:90). 
Solar  arrays  convert  the  Sun’s  energy  directly  to  electrical  energy  by  means  of  pho¬ 
tovoltaic  cells.  Planar  solar  arrays  have  been  powering  spacecraft  since  the  1960’s 
and  generally  come  in  two  types:  rigid  and  flexible.  Rigid  planar  arrays  are  fabri¬ 
cated  on  sandwiched  panels  constructed  by  bonding  two  thin  face  sheets  to  either 
side  of  a  honeycomb  core  material.  Flexible  blanket  arrays  use  coated  Kapton  as  the 
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Figure  Q.l  Energy  sources  and  their  associated  derivatives  available  to  power  the 
SFP  (46). 


substrate  (89:158).  Most  arrays  are  of  the  planar  variety  and  were  initially  silicon 
based.  Gallium  arsenide,  GaAs,  cells  are  the  current  trend  with  greater  power  to 
weight  ratios  and  increased  radiation  resistance  (23:318-319).  All  solar  cells  vary  in 
thickness,  resistivity  and  purity  and  as  a  result  vary  in  efficiency,  cost,  and  output 
characteristics.  In  fact,  most  solar  arrays  continue  to  be  custom  designed  for  specific 
needs.  Disadvantages  of  solar  arrays  include  the  need  for  sun  tracking  mechanisms, 
large  surface  areas,  and  batteries  or  some  other  storage  device.  Storage  devices  are 
required  to  provide  power  during  eclipse  portions  of  the  orbit.  Solar  arrays  also  need 
replacing  during  long  duration  missions  (typically  every  15  years). 

A  concentrator  array  uses  either  imaging  or  non-imaging  concentrators  to  pro¬ 
vide  a  concentration  of  sunlight  on  cells.  Imaging  systems  include  simple  lenses, 
Fresnel  lenses,  reflectors,  and  parabolic  reflectors.  Non-imaging  systems  include 
parabolic  mirrors  operated  out  of  focus,  heliostat  fields,  and  compound  parabolic 
collectors  (23:507).  Using  concentrators  results  in  a  smaller  array  (less  than  2/3  of  a 
planar)  thereby  providing  a  considerable  drag  and  mass  advantage  (46:343).  Other 
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advantages  of  concentrator  arrays  axe  a  superior  radiation  tolerance  (concentrator 
optics  shield  the  cells)  and  a  possible  early  application  of  advanced  cells,  such  as  the 
multi-band  gap  and  indium  phosphide,  InP  (27:362).  The  draw  backs  of  concen¬ 
trators  are  an  increased  sun  tracking  requirement  and  a  lack  of  compressibility  for 
launch  packaging. 

Q.2.2  Chemical.  Chemical  power  systems  are  a  transportable  source  of 
energy  where  the  actual  energy  is  stored  in  chemical  bonds.  At  their  best,  chemical 
bonds  provide  just  a  few  electron  volts  of  energy.  The  sheer  mass  of  chemicals  needed 
for  time  periods  greater  than  one  day  eliminates  them  from  consideration  as  the  sole 
source  of  energy  (19:75). 

Q.2.3  Nuclear.  Obviously  there  are  enormous  implications  in  putting 
a  nuclear  system  in  space,  especially  in  low  earth  orbit.  A  space  nuclear  power 
system  must  undergo  a  highly  politicized  and  very  uncertain  environmental  review 
and  approval  process.  Completing  this  process  might  not  even  be  achievable  for  a 
facility  that  calls  for  man  •  '•nded  operations.  Operating  nuclear  systems  emit  copious 
amounts  of  gamma  rays  and  neutrons.  This  requires  that  the  system  be  shielded 
to  protect  humans  and  equipment.  For  space  applications,  achieving  low  radiation 
levels  would  require  an  extremely  high  shield  mass  —  possibly  great  enough  to  make 
it  infeasible  (44:219).  The  system  itself  must  also  be  shielded  from  possible  meteoroid 
damage. 

The  Systems  for  Nuclear  Auxiliary  Power  (SNAP)  program  was  initiated  in 
the  late  1950’s  to  develop  compact,  lightweight,  reliable  energy  units  and  electrical 
power  conversion  devices  for  space,  sea,  and  land  use  (17:4-8).  To  date  the  U.S.  has 
successfully  flown  38  nuclear  power  systems  (37  radioisotope  thermoelectric  genera¬ 
tors  (RTGs)  and  1  reactor).  These  range  from  the  2.7  W  SNAP-3B  to  the  500  W 
SNAP-lOA  and  the  300  W  GPHS-RTG  (5:23).  Current  reactor  concepts  (out-of-core 
thermionic,  in-core  thermionic,  thermoelectric,  dynamic,  etc.)  provide  no  compelling 
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reason  to  choose  one  over  the  other  at  power  levels  below  40  kW  (5:23).  It  is  sug¬ 
gested  to  use  thermoelectrics  with  a  radioisotope  heat  source  below  2  kW  and  to 
us  some  type  of  dynamic  conversion  system  (Bray ton,  Rankine  or  Stirling)  with  ra¬ 
dioisotopes  from  2-10  kW .  The  latter  suggestion  is  based  on  mass  considerations 
ajid  technological  maturity.  Nuclear  reactors  become  the  lower  mass  power  source 
at  approximately  10-15  kW .  It  is  thought  that  for  40  kW  and  greater,  the  best 
concept  near  term  would  be  a  liquid  metal  cooled  fast  reactor  with  a  closed  Brayton 
cycle. 

The  advantages  of  nuclear  power  systems  are:  adjustable  power  levels  and 
long  life  operation.  The  disadvantages  include:  actual  fabrication,  launch  consider¬ 
ations,  a  more  demanding  safety  analysis  and  testing,  uncertainties  in  technological 
development,  and  reentry  nuclear  safety  considerations. 

Q.2.4  Beamed  Power.  Beaming  power  from  the  Earth  to  the  spacecraft 
represents  an  external  source  of  energy.  There  are  currently  two  methods  being 
pursued,  namely  microwave  and  laser. 

Q.2.4. 1  Microwave.  Earth  based  stations  could  be  built  to  relay 
power  via  microwave  to  an  orbiting  platform  (the  reverse  of  the  Solar  Power  Satellite 
concept).  A  vehicle  with  a  microwave  receptor  (rectenna)  area  of  50,000  rrP  could 
absorb  enough  beam  energy  to  convert  it  to  20  MW  of  power  (11:1239).  The  receptor 
captures  the  microwave  power  and  converts  it  to  dc  power  with  an  overall  capture  and 
conversion  efficiency  of  85%  (11:1243).  A  1  kg/kW  specific  mass  for  the  rectenna  — 
compared  to  a  30  kg/kW  specific  mass  nuclear  reactor  —  provides  a  great  reduction 
in  mass.  The  major  drawback  in  such  a  system  is  that  it  has  only  been  proposed 
for  equatorial  orbits.  Twenty-four  or  more  power  stations  on  the  equator  would 
be  necessary  to  support  a  42,000  kg  platform  in  orbit  (11:1249).  An  infeasible 
arrangement  to  propose  for  powering  the  SEP. 
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Q.2.4-2  Laser.  Similar  to  microwaves,  it  is  possible  to  beam  lasers 
from  Earth  to  space.  Beamed  laser  photovoltaic  power  has  three  fundamental  ad¬ 
vantages:  1)  Laser  wavelength  is  10,000  times  shorter  than  microwaves  allowing  for 
smaller  power  and  receiver  apertures.  2)  Conversion  efficiency  of  laser  photovoltaic 
cells  can  be  three  to  four  times  greater  than  solar  cells  (60%  versus  15%)  because 
the  band-gap  energy  of  the  semiconductor  material  can  be  closely  matched  to  the 
photon  energy  of  the  laser.  And  3)  laser  cells  operating  at  800  nm  (near  infrared 
region)  can  be  subjected  to  more  than  five  times  the  natural  solar  energy  without 
requiring  active  cooling  (67:166).  There  are  other  less  obvious  advantages  to  laser 
beaming.  For  example,  there  is  an  inherent  backup  of  using  the  laser  array  to  collect 
solar  energy.  However,  the  technological  maturity  must  be  increased  —  specifically 
large  aperture  optics.  There  is  also  the  same  problem  of  numerous  ground  stations 
necessary  to  support  a  low  Earth  orbiting  vehicle. 

It  has  been  suggested  that  a  constellation  of  12  satellites  in  equatorial  orbits 
ranging  from  24,000-32,000  km  could  relay  power  to  a  vehicle  in  low  Earth  or¬ 
bit  (2:117).  This  is  an  infeasible  infrastructure  undertaking  just  to  support  the  SEP 
(but  an  undertaking  the  proposed  SEP  could  assist  with).  NASA  plans  currently  call 
for  testing  of  limited  laser  power  transmission  to  existing  satellites  by  1995  (67:95). 

Q.3  Conversion  Cycles 

A  review  of  the  conversion  cycles  associated  with  the  solar,  chemical  and  nu¬ 
clear  heat  sources  is  provided  in  the  following  sections.  Major  components  and  how 
they  relate  to  the  heat  source  are  described  as  well  as  currently  available  versions. 

Q.3. 1  Organic  Rankine  Cycle.  Organic  Rankine  cycle  (ORC)  systems 
are  similar  to  conventional  steam  power  plants  and  can  be  coupled  to  various  heat 
sources  (isotopes,  chemical  combusters,  solar  collectors,  or  reactors).  The  major 
system  components  as  shown  in  Eigure  Q.2  consist  of  a  boiler,  turbopump  generator. 
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Figure  Q.2  Typical  organic  Rankine  cycle  showing  the  system  components  —  heat 
source,  generator,  regenerator  and  radiator  (14). 

regenerator,  and  a  radiator  in  addition  to  the  given  heat  source.  Organic  working 
fluids  such  as  toluene  and  RC-1  are  used  instead  of  steam  to  achieve  high  cycle 
efficiencies  at  moderate  temperatures.  Current  efficiencies  are  from  18-25%  with  the 
main  limitations  being  zero  g  operation,  possible  decomposition  of  organic  fluids, 
heat  source  availability,  cost,  and  safety  (14:579). 

Space  Station  Freedom  studies  provided  an  emphasis  for  a  solar  powered  ORC 
in  the  23-40  kW  range  (14:582).  An  additional  requirement  is  a  lithium  hydrox¬ 
ide,  LiOH,  thermal  energy  storage  subsystem  to  provide  a  heat  source  during  the 
eclipse  portions  of  the  orbit.  Other  major  issues  in  the  solar  dynamic  power  system 
are  collector  concentration  ratio,  pointing  accuracy,  peak  and  partial  load  operat¬ 
ing  characteristics,  receiver  aperture  optimization,  and  structural  dynamic  interac¬ 
tions  (14:583).  Currently  available  derivatives  include  a  3  kW  solar  dynamic  mercury 
Rankine  cycle  from  TRW  and  a  15  kW  solar  dynamic  rubidium  Rankine  cycle  from 
Sunstrand  Corporation. 
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An  isotope,  Pu  —  238,  powered  ORC  could  be  a  candidate  for  a  1-10  kW 
output  range.  A  1.3  kW  demonstration  model  was  developed  by  Sunstrand  Corp. 
for  the  Department  of  Energy  (14:579).  For  operations  of  greater  than  50  kW  the 
only  alternative  heat  source  would  be  a  nuclear  reactor.  A  good  base  of  technology 
already  exists  for  these  systems  (3  kW  SNAP2  and  the  35-50  kW  SNAPS).  A  25  kW 
ORC  with  a  compact  nuclear  power  source  is  currently  under  development  by  Los 
Alamos  National  Laboratory  (LANL)  with  cycle  efficiencies  predicted  at  30%.  LANL 
is  also  working  on  a  100-300  kW  lithium  cooled  reactor  for  the  SP-100  program. 

Q.3.2  Liquid-metal  Potassium  Rankine  Cycle.  The  liquid-metal  potas¬ 
sium  Rankine  cycle  (LMKRC)  is  similar  to  an  ORC  except  that  potassium  is  the 
working  fluid.  This  allows  for  high  turbine  inlet  temperatures  and  a  greater  heat  re¬ 
jection  capability  (reducing  the  size  of  the  radiator)  (14:605).  In  the  1960’s,  General 
Electric  and  Pratt  and  Whitney  carried  out  preliminary  research  and  development 
on  a  SNAP-50  300  kW  version,  but  due  to  a  lack  of  a  specific  mission  and  high 
temperature  corrosion  problems,  the  project  was  canceled  (14:605).  Several  compa¬ 
nies  are  conceptualizing  designs  based  upon  Strategic  Defense  Initiatives  (SDI).  A 
nuclear  heat  source  would  seem  to  be  the  only  viable  option  for  continuous  power. 

Q.S.3  Closed  Brayton  Cycle.  A  closed  Brayton  cycle  (CBC)  system  is 
similar  to  a  gas  turbine  heat  engine,  but  the  working  fluid  is  recirculated  rather 
than  emitted  as  exhaust  to  the  environment  (14:585).  A  CBC  system  includes  a 
combined  rotating  unit  (turbine-compressor  and  alternator),  recuperator,  radiator, 
and  gas  management  system  in  addition  to  the  heat  source  (chemical,  solar,  nuclear 
reactor,  or  isotope).  A  typical  CBC  is  shown  in  Figure  Q.3.  The  working  fluid  can  be 
any  number  of  gases  but  for  a  space  application  a  helium-xenon.  He  —  Xe,  mixture 
has  been  found  to  be  satisfactory. 

If  a  CBC  uses  a  solar  collector  as  its  heat  source  than  practical  size  limitations 
give  a  power  level  of  10-50  kW.  Once  again,  a  thermal  energy  storage  for  eclipse 
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Figure  Q.3  Typical  closed  Brayton  cycle  showing  the  system  components  (14). 

periods  is  necessary.  A  35  kW  CBC  Solar  Dynamic  system  uses  latent  heat  of  fusion 
of  lithium  fluoride,  LiF,  to  maintain  the  cycle  turbine  inlet  temperature  (14:587). 
Space  Station  Freedom  plans  call  for  a  solar  dynamic  CBC  system  in  Phtise  II  which 
has  a  specific  power  to  weight  ratio  of  70  kg/kW. 

Isotope  driven  CBCs  have  demonstrated  power  levels  of  1-10  kW.  For  contin¬ 
uous  power  (7-20  years)  in  the  75  kW  range,  a  fast  high  temperature  reactor  would 
be  the  recommended  heat  source  for  a  CBC.  Typical  concepts  have  included  the  nu¬ 
clear  engine  for  rocket  vehicle  applications  derivative  reactor,  gas  and  liquid-metal 
cooled  compact  reactors,  and  gas  cooled  particle  bed  reactors. 

Q.3.4  Free-Piston  Stirling  Engine.  Free-Piston  Stirling  engine  (FPSE) 
power  systems  are  akin  to  a  closed  cycle  piston  engine  with  cyclic  re-circulation  of 
the  working  fluid  (14:596).  After  some  initial  problems  the  FPSEs  have  become  a 
more  attractive  candidate  for  space  applications  because  they  weigh  less  and  have  a 
smaller  volume  than  other  cycles.  They  operate  without  physical  linkages;  relying 
instead  on  internal  gas  pressures  to  impart  the  motion  to  reciprocating  elements. 
Figure  Q.4  illustrates  a  typical  FPSE.  Mechanical  Technology  Inc.  has  developed  a 
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Figure  Q.4  Typical  free-piston  Stirling  en^ne  with  a  solar  heat  source.  It  relies 
on  internal  pressures  to  impart  motion  to  reciprocating  elements  rather 
than  physical  linkages  (14). 


12.5  kW  FPSE  (designated  the  space  power  demonstration  engine  (SPDE))  which 
can  easily  be  configured  with  isotope,  solar,  or  reactor  input  sources  (14:596). 

Two  SPDEs  in  a  back  to  back  configuration  united  with  a  lithium  fluoride, 
LiF,  thermal  energy  storage  subsystem  driven  by  a  solar  collector  can  achieve  an 
output  power  of  25  A:  IF"  (14:598).  Higher  power  levels  are  possible  through  the  use  of 
multiple  systems.  This  is  dependent  on  the  deployability  and  erectability  of  multiple 
collectors.  Mechanical  Technologies  Inc.  and  Sunflower  Inc.  are  developing  a  25  kW 
space  Stirling  engine  that  relies  on  a  nuclear  source  (89:64). 

A  Pu  —  238  isotope  heat  source  is  capable  of  efficiencies  in  the  28-35%  range 
when  attached  to  an  SPDE  operating  at  12.5  kW.  For  higher  power  systems  (greater 
than  50  kW)  a  reactor  heat  source  is  needed  to  reduce  weight.  Rockwell  International 
is  studying  a  100  kW  design  that  uses  sodium  potassium,  NaK,  heat  pipe  exchangers 
connected  to  five  SPDEs  (14:598). 
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Figure  Q.5  Typical  supercritical  cycle.  Components  are  similar  to  other  cycles  but 
are  operating  at  higher  temperatures  and  pressures  (14). 


Q.3.5  Supercritical  Cycle.  A  thermodynamic  cycle  that  avoids  many  of 
the  problems  associated  with  the  Rankine,  Brayton  or  Stirling  cycles  is  the  super¬ 
critical  cycle  shown  in  Figure  Q.5.  So  named  because  it  operates  in  the  supercritical 
pressure  region  of  the  working  fluid  (that  region  above  the  fluids  critical  temperature 
and  pressure).  In  this  region  the  density  of  the  liquid  and  the  vapor  at  any  point 
is  the  same.  The  problems  of  boiling  and  condensing  in  a  zero  g  environment  are 
eliminated  (14:605).  Common  working  fluids  include  carbon  dioxide,  CO2,  sulfur 
dioxide,  SO2,  and  ammonia,  NH3.  Since  it  is  a  high  pressure  cycle,  it  has  per¬ 
formance  characteristics  that  are  not  suitable  for  power  levels  below  25  kW.  This 
generally  rules  out  isotope  heat  sources  but  leaves  solar  and  reactor  heat  sources. 


Q.3.6  Thermoelectric  Conversion.  Thermoelectric  conversion  (TEC) 
cycles  have  had  the  most  extensive  application  in  space  power  systems.  They  are 
compatible  with  all  the  previously  mentioned  heat  sources  but  are  typically  driven 
by  isotope  sources  due  to  reliability  considerations.  Thermoelectric  systems  utilize 
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the  Seebeck  effect  in  a  circuit  for  power  generation,  and  their  efficiencies  are  related 
to  the  Carnot  cycle  efficiency  and  nrateriaJ  properties  (19:117). 

The  SP-100  will  most  probably  end  up  as  a  TEC  system.  This  is  due  to  lower 
development  risks  and  the  extensive  flight  experience  of  TECs.  A  possible  choice 
could  be  the  alkali  metal  thermal  to  electric  conversion  (AMTEC),  also  referred  to 
as  the  sodium  heat  engine,  which  is  a  thermally  regenerative  electrochemical  device 
for  direct  thermal  to  electric  conversion.  AMTEC  has  a  specific  power  to  weight 
ratio  of  18  Wjkg  and  an  efficiency  of  20%  (14:159). 

Q.3.7  Thermionic  Conversion.  Thermionic  conversion  is  based  on  the 
use  of  a  vacuum  diode  utilizing  a  temperature  difference  and  employing  electrons  as 
the  working  fluid  (19:118).  Similar  to  TECs  it  is  subject  to  Carnot  cycle  efficiency 
limitations  (generally  the  maximum  temperature  of  the  source  and  sink).  Essentially 
the  electrons  are  given  off  at  a  heated  emitter  (cathode)  and  collector  (anode)  then 
pass  through  the  external  load  back  to  the  emitter.  A  thermionic  device  is  shown 
in  Figure  Q.6.  Thermionic  systems  connected  to  nuclear  reactors  have  received  the 
most  attention,  and  there  axe  two  basic  approaches  to  such  systems:  in-core  or 
out-of-core.  The  Soviet  TOPAZ  reactor  is  an  in-core  version  and  can  reportedly 
deliver  6-10  kW  (5:24).  GA  technologies  is  currently  studying  a  space  thermionic 
auxiliary  reactor  for  SP-100  applications.  So  far  producing  a  reliable,  long  life,  in- 
core,  thermionic  fuel  element  has  been  elusive  for  the  United  States  (5:24). 

Q.4  Energy  Storage 

In  using  solar  energy,  a  form  of  energy  storage  is  necessary  because  all  low 
inclination  orbits  have  eclipse  periods.  Also,  inherent  to  electrodynamic  propulsion 
systems,  there  is  the  possibility  of  reversing  the  current  and  generating  power.  If  it 
is  chosen  to  store  energy  from  these  sources,  an  energy  storage  device  is  necessary. 
An  illustration  of  all  energy  storage  methods  for  the  space  environment  is  provided 
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Figure  Q.6  A  thermionic  conversion  unit.  Electrons  are  given  off  at  the  emitter 
(cathode)  and  collector  (anode)  and  then  pass  through  the  external 
load  back  to  the  emitter  (14). 

in  Figure  Q.7.  A  review  of  the  most  promising  energy  storage  devices  — rechargeable 
batteries  and  reversible  fuel  cells  (46:343)  —  is  provided  in  the  following  sections. 

Q.4‘i  Batteries.  A  battery  converts  the  chemical  energy  contained  in  its 
active  materials  into  electrical  energy  through  an  electrochemical  oxidation-reduction 
reaction.  Nickel-cadmium,  NiCd,  batteries  are  the  industry’s  current  standard  for 
energy  storage.  They  are  relatively  heavy  but  can  be  recharged  over  many  cycles. 
Lifetime  is  a  complicated  function  of  operating  temperature,  depth  of  discharge 
(DOD),  charge  and  discharge  rates,  overcharge,  number  of  cycles,  recycling  strategy, 
and  a  variety  of  other  factors. 

Battery  sizing  is  determined  by  the  voltage  desired  (the  number  in  series)  and 
by  energy  storage  requirements  in  apmere-  hours,  A-  H,  capacity.  A-  H  requirements 
are  determined  by  the  load,  eclipse  time,  and  chosen  DOD.  The  number  of  cycles  is 
determined  by  the  mission  time  and  the  number  of  orbits  per  day. 
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Figure  Q.7  Typical  energy  storage  devices  available  for  use  on  the  SFP  (46). 

Batteries  may  be  deeply  discharged  to  save  on  the  weight  of  additional  bat¬ 
teries.  Life  cycle  trade  studies  indicate  that  low  temperature,  0°C,  operation  with 
moderate  (20-30%)  DOD  and  higher  than  minimum  initial  battery  weight  is  the  best 
system  approach.  Batteries  must  be  charged  under  controlled  conditions  so  that  the 
charge  rate  is  not  too  high  and  overcharge  does  not  occur.  Charge  and  discharge 
cycles  result  in  a  net  inefficiency  and  in  the  production  of  waste  heat. 

Nickel- hydrogen,  NiH2,is  the  more  recent  battery  technology.  It  has  a  slightly 
higher  DOD  than  NiCd  and  can  tolerate  over  charging  better.  For  example,  NiH2 
batteries  at  40%  DOD  have  lasted  greater  than  18,000  cycles  while  NiCd  batteries 
at  25%  DOD  Icist  between  14,000-15,000  cycles  (46:135).  NiH2  batteries  ^lre  15% 
lighter  but  are  40%  larger  in  volume  than  NiCd  batteries 

Current  research  is  being  done  on  a  high  energy  density  rechargeable  battery 
(HEDRB)  with  a  goal  of  a  110  battery  with  a  10  year  life  (14:572).  Two 

technologies  have  been  identified  to  meet  this  goal,  lithium  iron  di-sulfide,  LiFeS2, 
and  sodium  sulfur,  NaS.  The  HEDRB  could  reduce  battery  weight  by  80%  compared 
to  NiCd  batteries  and  60%  compared  to  NiH2  batteries  (14:572).  These  batteries  are 
also  projected  to  have  greater  DOD  —  75%  for  NaS  and  40-80%  for  LiFeS2  (14:579). 

Q.4-2  Reversible  Fuel  Cell.  The  operation  of  a  fuel  cell  is  similar  to  a  bat¬ 
tery  except  that  one  or  both  of  the  reactants  are  not  permanently  contained  in  the 
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electrochemical  cell  but  are  fed  to  it  from  an  external  source  when  power  is  desired. 
Reversible  fuel  cell  (RFC)  systems  convert  hydrogen  fuel  and  an  oxidizer,  O2,  into 
electrical  energy  and  water  during  the  eclipse  portion  of  the  orbit.  An  electrolysis 
unit  is  used  to  electrolyze  the  water  (using  electrical  energy  from  the  source)  baick 
into  H2  and  O2  during  sunlight.  This  is  obviously  an  inefficient  process  and  has  not 
been  perfected  yet.  Lifetime  of  the  system  is  a  function  of  operating  temperature; 
pressure;  and  the  reliability  of  the  necessary  pumps,  compressors,  valves,  and  regu¬ 
lators.  Recent  work  has  dealt  with  proton  membrane  exchange  RFCs  to  meet  long 
life  applications  for  the  lunar  surface  or  Mars. 
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